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Abstract 
 
The Brazilian Purpuric Fever (BPF) clone of Haemophilus influenzae biogroup 
Aegyptius (Hae) emerged in São Paulo in 1984, causing epidemic outbreaks of a life-
threatening childhood infection characterised by shock and purpura fulminans. Strains of 
Hae have long been known to cause highly contagious and purulent conjunctivitis, but 
never previously implicated in invasive disease. Laboratory studies have revealed 
phenotypic and genetic differences between the BPF clone and other Hae strains, but 
failed to identify virulence factors responsible for the unusual virulence of this clone.  
 
This thesis describes the exhaustive annotation of the whole genome sequences of the 
invasive BPF clone isolate F3031 and non-invasive Hae conjunctivitis isolate F3047, 
inferring gene function through sequence homologies, and identifying insertions, 
deletions, pseudogenes and regulatory sites that may underlie phenotypic variation 
between these strains. Pan-genomic comparison of F3031 and F3047 to 5 other complete 
H. influenzae genomes allowed delineation of the „Hae accessory genome‟, revealing a 
suite of novel adhesins not previously described for H. influenzae, presumably reflecting 
the conjunctival niche to which Hae has specialised.  These include a striking ten-
member family of trimeric autotransporter adhesins (TAAs) that share homology with 
TAAs established to play a role in virulence of other bacterial pathogens, and were 
selected for further study. Functional evaluation of variants of one of these genes, 
b/caaA1, through cloning and expression in E. coli, revealed differences in 
autoaggregation and in adherence of transformants to human epithelial cells in culture.  
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Investigating gene function in Hae has been hampered by difficulties in genetically 
manipulating these strains. Competence for DNA uptake and transformation in Hae was 
investigated through in silico analysis of the genes involved in these processes, and the 
development of a plate transformation protocol that appears to reliably transform certain 
strains of Hae, providing a valuable tool for future work investigating the virulence 
functions of genes in their natural background. 
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Chapter 1 
 
Introduction 
 
 
1.1 The emergence of Brazilian Purpuric Fever 
 
In 1984, in São Paulo State, Brazil, a unique and virulent bacterial clone emerged, 
causing life-threatening infection in young children. Invasive infection was preceded by 
purulent conjunctivitis that resolved before the onset of an acute illness characterised by 
high fever; abdominal pain, nausea and vomiting; septic shock; haemorrhagic skin lesions 
(purpura fulminans); and death within 48 hours of onset (Harrison et al., 2008). The first 
outbreak of what was later termed Brazilian Purpuric Fever (BPF) occurred in the town 
of Promissão, and resulted in the deaths of all 10 children affected (BPFSG, 1985). Over 
the next few years, further outbreaks of this fatal paediatric disease were recorded in 
neighbouring states, and fear that it might spread to the major Brazilian cities of São 
Paulo city and Rio de Janeiro and beyond instigated a rapid investigative response. A 
Task Force was created under the auspices of the U.S. Centers for Disease Control and 
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Prevention (CDC) and the São Paulo Secretariat of Health, who eventually identified the 
cause as a novel clone of the heretofore exclusively mucosal pathogen, Haemophilus 
influenzae biogroup Aegyptius (Hae). The invasive pathogen was accordingly named the 
BPF clone of Hae (BPFSG, 1986; BPFSG, 1987). 
 
1.1.1 Timeline of the BPF outbreaks 
The first outbreaks of BPF occurred during the months of October through December, 
1984, in the towns of Promissão and Londrina, in São Paulo State. Ten children between 
the ages of 3 months and 10 years were hospitalised in the small agricultural town of 
Promissão with fatal purpura fulminans (BPFSG, 1985; BPFSG, 1987). Eleven additional 
cases were reported with similar though less severe symptoms, at the same time, although 
identified retrospectively. Despite extensive serologic tests, autopsies and attempts to 
isolate the etiologic agent, the cause of this outbreak remained unknown throughout the 
Promissão investigation. Initial speculations were of meningococcal disease, dengue 
haemorrhagic fever, or a novel viral haemorrhagic fever, but the clinical presentation was 
atypical. Hypotheses of exposure to an environmental toxin, adverse reaction to a drug, or 
transmission of a zoonotic infection from a vector in nearby sugarcane fields, were also 
considered (Harrison et al., 2008).  
 
Between the previous months of February and July, 1984, an outbreak of 13 cases with 
similar symptoms had occurred in the town of Londrina, in the adjacent state of Paraná. 
The cases were presumed to be part of a concurrent meningococcal disease outbreak, but 
the lack of meningitis resulted in retrospective recognition of these cases as BPF during 
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the Promissão investigation. Six sporadic cases occurred in these two towns, and between 
October 1984 and February 1985 an additional 9 children meeting the case definition for 
BPF (Table 1.1) were identified in 6 towns within 60 miles of Promissão (Harrison et al., 
2008). 
 
Over a year later, during the months of March through May, 1986, a further outbreak of 
BPF occurred in Serrana, another town in São Paulo State. At this stage, blood culture 
media had been prepared for a possible subsequent outbreak of BPF, by investigators at 
the Instituto Adolfo Lutz, the reference laboratory of the São Paulo Secretariat of Health. 
The outbreak involved 11 children, 10 of whose cultures of normally sterile body fluid 
were positive for a clone of Hae, and so the organism was named the BPF clone. BPF 
became notifiable in the São Paulo State notifiable disease surveillance system, and 
further cases were reported elsewhere. Between 1987 and 1989, a series of 29 sporadic 
cases arose from four different cities in São Paulo State, including Nova Granada, Serra 
Azul, Serrana, and Votuporanga. 
 
Throughout 1989 and early 1990, BPF outbreaks were documented in Mato Grosso State, 
affecting 26 children from geographically separated cities (Figure 1.1). In May 1991 a 
further 19 cases were reported in three separate cities in the state of Mato Grosso do Sul, 
including the capital Campo Grande. Investigators reported a concomitant epidemic of 
conjunctivitis that spread throughout one of these cities, along with a high density of 
Hippelates flies in the conjunctival secretions of children with conjunctivitis, suggesting 
they contributed to the spread of the epidemic (Harrison et al., 2008).  
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The disease essentially disappeared for over a decade from 1995, but has recently 
resurfaced in Anajás, Pará State, in the Amazon region of Brazil (Santana-Porto et al., 
2009). Although unable to definitively detect Hae, due to the remoteness of the outbreak 
site and poor sample handling, the report describes 5 cases clinically compatible with 
BPF that occurred in 2007. The emergence of the BPF clone - a novel infectious agent 
that seems to have only recently reached the human population - provides an example of 
an emerging pathogen. The BPF clone appears to be a relatively rare cause of infection, 
whose spread is likely to have been limited by control measures taken to prevent Hae 
conjunctivitis. However, it is clearly not extinct, and remains a particular threat to infants 
and young children in Brazil.   
 
Outside Brazil, two cases consistent with BPF were reported in Australia in 1986, one in 
Alice Springs and the other in Western Australia, both with preceding conjunctivitis 
(McIntyre et al., 1987; Wild et al., 1989). A single case of BPF-like disease was also 
reported in the United States in 1996, in an immunocompromised child who appeared to 
have died from overwhelming Epstein-Barr virus infection, but had Hae septicaemia 
(Virata et al., 1998). With the exception of these clinically similar cases reported in 
Australia and the USA, the disease has apparently never spread beyond Brazil.  
 
Chapter 1 
 
26 
 
 
Figure 1.1 Outbreaks of BPF from 1984 – 2007: 6 different outbreaks recorded to date, marked in varying 
colours. Excludes sporadic cases. (1) Turquoise: 1984 Promissão, São Paulo state, 10 cases; (2) Blue: 1984 
Londrina, Parana state, 13 cases; (3) Yellow: 1986 Serrana, São Paulo state, 11 cases; (4) Red: 1989-1990, 
6 towns in Mato Grosso state, 26 cases; (5) Green: 1991, 3 cities in Mato Grosso do Sul state, 19 cases; (6) 
Purple: 2007, Anajas, Para State, 5 suspected cases. 
 
1.1.2  Clinical and epidemiological features of BPF 
The initial clinical case definition developed for BPF was based on clinical signs and 
symptoms of children with severe illness. Once the aetiology of BPF was determined to 
be Hae, the case definition was revised to include this knowledge (Table 1.1). All cases 
produced symptoms of purpura fulminans, and significant features from clinical 
examination included purpuric skin legions affecting the face and extremities, cyanosis, 
and rapid necrosis of soft tissues, particularly the hands, feet, nose and ears (Harrison et 
al., 2008). Purulent conjunctivitis preceded BPF but resolved prior to its onset, 
suggesting that patients were conjunctival carriers of Hae with subsequent invasion into 
the bloodstream.  
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The first epidemiological case-control study carried out following the Promissão outbreak 
investigated possible risk factors for BPF, including medical history of chronic disease, 
recent vaccinations, exposure to other children with BPF, animal exposure, 
socioeconomic status, water source and sewage disposal method, but no differences 
between the cases and controls were identified (BPFSG, 1987). However, subsequent 
studies of BPF in the Promissão, Londrina and Serrana outbreaks revealed a significant 
association between conjunctivitis and BPF, where approximately 90% of BPF case 
children had preceding conjunctivitis (Harrison et al., 1989). There were several reports 
of epidemics of purulent conjunctivitis caused by Hae at the time of the BPF outbreaks. 
Furthermore, BPF clone strains of Hae were isolated from Hippelates and Liohippelates 
flies collected from around the eyes of children with conjunctivitis, suggesting 
transmission of the BPF clone via this vector (Tondella et al., 1994).   
 
There did not appear to be any seasonal pattern to the BPF outbreaks, despite 
conjunctivitis occurring mainly during the hot months, possibly due to the studies being 
based on a limited number of outbreaks. A total of 281 outbreak and sporadic cases, from 
5 different states, have been reported since 1984, but this is likely to be an underestimate 
of the true extent of disease due to misdiagnosis as meningococcal infection, which was 
occurring at high rates in Brazil at the time of the outbreaks. Underreporting is further 
likely to have resulted from lack of widespread use of blood cultures in all geographic 
areas with BPF and missed cases from less developed areas of Brazil.  
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Table 1.1 Clinical case definition for BPF, revised based on known etiology of BPF as Hae. Adapted from 
Harrison et al. 1989 & 2008. 
Definition 
1. Febrile illness in a child with isolation of Hae from a normally sterile body site 
(e.g., blood or CSF), or 
2. Acute illness in a child aged between 3 months and 10 years, characterized by: 
a. Fever ≥38.5°C 
b. Abdominal pain and/or vomiting 
c. Development of petechiae or purpura 
d. No evidence of meningitis 
3. History of conjunctivitis ≤30 days before onset of fever 
4. One or both of the following tests negative for N. meningitidis: 
a. Blood cultures taken before antibiotic administration 
b. Serum or urine antigen detection 
5. Other laboratory data, if obtained: 
a. CSF with ≤100 leukocytes/µl and negative by culture or antigen detection 
for pathogenic bacteria other than Hae 
b. Blood cultures negative for known pathogenic bacteria other than Hae 
c. Negative serologic studies for known pathogens other than Hae 
 
Without treatment, or in the presence of septic shock, the prognosis of BPF is poor. A 
case fatality rate of 71% was described from well documented cases of BPF by the end of 
1985. Subsequent BPF surveillance, from 1984 to 1993, detected 276 outbreak and 
sporadic cases with an overall case fatality rate of 38%, but some of these cases 
(clinically defined) may not have had BPF. The BPF clone of Hae was found to be 
susceptible to most commonly used antibiotics, including ampicillin, cefuroxime, 
cefotaxime, rifampin and chloramphenicol (Brenner et al., 1988). During the early 
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outbreaks, treatment of cases of conjunctivitis with intravenous antibiotics was initiated 
to restore public confidence, and BPF cases rapidly declined in parallel.  
 
1.1.3  Development of diagnostic tests 
Epidemiological studies of the BPF outbreaks identified the association between Hae 
conjunctivitis and BPF prior to the definitive determination of the etiology of BPF. A 
concentrated investigation of BPF-associated Hae strains found them to be highly clonal 
and led to the naming of the BPF clone. Several phenotypic and genotypic characteristics 
were identified that distinguished BPF clone strains from other Hae isolates, providing 
markers of the BPF clone, although none of these were implicated directly in its virulence 
(Table 1.2).  
 
The identification of characteristics that were unique to the BPF clone in comparison to 
other strains of Hae enabled the development of diagnostic tests that would allow quick 
identification of the BPF clone. A slide agglutination test of polyclonal antiserum raised 
in rabbits against the BPF clone detected a 25 kDa protein as the predominant cell surface 
antigen, number 4 in Table 1.2. The test could be used rapidly to identify the BPF clone 
with 100% sensitivity and 85% specificity (Brenner et al., 1988). A sandwich enzyme 
immunoassay developed using BPF clone-specific immunoglobulin G2b (IgG2B) and 
IgM monoclonal antibodies was developed to further increase test specificity to 94% 
(Swaminathan et al., 1989). 
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Table 1.2 Distinguishing characteristics of Hae BPF clonal strains (Irino et al., 1988; Brenner et al., 1988; 
Mayer et al., 1989; Meats et al., 2003). 
Hae BPF clone distinguishing property Type 
1 24 kb plasmid (named after the strain F3031 from which it was 
identified) with an AccI restriction endonuclease pattern 
3031 plasmid  
2 Distinct whole-cell sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) profile 
F3031  
3 One of two closely related EcoRI rRNA gene restriction 
patterns 
Ribotype 
patterns 3 and 4  
4 25 kDa putative pilin protein  
5 Resistance to trimethoprim-sulfamethoxazole  
6 Characteristic multilocus enzyme electrophoresis (MLEE) 
pattern 
Type 2 
7 Unique H. influenzae multilocus sequence type (MLST)  ST65 
 
Strain typing studies confirmed that BPF strains from Brazil were clonal and distinct 
from other strains of Hae. MLEE revealed that the two “Australian BPF” isolates were 
genetically closely related to each other but not to the Brazilian BPF clone (Swaminathan 
et al., 1989). Neither the Australian nor the US case strains shared the BPF clone 
characteristics outlined in Table 1.2.  
 
The emergence of BPF in Brazil led to the identification of a novel and highly invasive 
strain of Hae. Strains of Hae belong to the species H. influenzae which comprise mostly 
opportunistic human pathogens from the genus Haemophilus. 
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1.2 An overview of the Genus Haemophilus 
 
Haemophilus species are Gram-negative coccobacilli belonging to the Pasteurellaceae 
family of the Proteobacteria. They are aerobic, or facultatively anaerobic, lack motility 
and are obligate parasites. The name Haemophilus, derived from the Greek haem „blood‟ 
and philus „loving‟, originates from its absolute requirement for certain growth factors 
present in blood for its survival. These are X factor (protoporphyrin IX or protoheme) and 
V factor (nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide 
phosphate). 
 
1.2.1 Pfeiffer‟s bacillus 
H. influenzae was first described by Pfeiffer during the flu pandemic of 1892, and 
mistakenly thought to be responsible for influenza, from which its name originates. It was 
probably an important secondary invader, as it has been in subsequent influenza 
epidemics. Humans are the only natural host of H. influenzae, which is present in the 
normal flora of the nasopharynx of up to 80% of healthy children and 40% of adults 
(Kuklinska and Kilian, 1984). Strains of H. influenzae may be encapsulated (typable), but 
95% are non-encapsulated (non-typable (NTHI)). When present, the polysaccharide 
capsule may be an important virulence factor, facilitating bloodstream survival of 
organisms that have penetrated the nasopharyngeal epithelium to outer subjacent 
capillaries, especially in the case of serotype b. There are six capsular serotypes: a to f, of 
which type b (Hib) has been the leading cause of bacterial meningitis worldwide until the 
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development of the conjugate Hib vaccine in the 1980s. Where used, immunisation has 
resulted in a decrease in the incidence of systemic disease by over 90%. The existing 
vaccines cannot protect against non-type b strains, and paediatric infections due to NTHI 
are still highly prevalent. NTHI is present in the nasopharynx of up to 80% of healthy 
individuals (Kuklinska and Kilian, 1984), and are also an important cause of localized 
respiratory disease and chronic infections. Strains of NTHI are responsible for 25% - 
30% of otitis media cases, as well as sinusitis, conjunctivitis, bronchitis and pneumonia 
(Barenkamp, 2004). Only rarely do these strains cause serious systemic disease such as 
septicaemia, meningitis, and septic arthritis (St Geme, 2004). 
 
Strains of H. influenzae have been classified into eight biotypes (I to VIII) according to 
their ability to produce indole, urease, and ornithine decarboxylase (Kilian, 1976). Most 
Hib strains are biotype I, whereas the majority of NTHI strains belong to biotypes II and 
III. 
 
1.2.2 The Koch-Weeks bacillus 
Haemophilus influenzae biogroup Aegyptius was first isolated and described in 1883 by 
Robert Koch, while studying patients suffering from Egyptian eye disease during 
activities of the German Cholera Commission in Egypt. Three years later in the United 
States, Weeks described the same essential characteristics of Hae, including high 
contagiousness from patients to volunteers and its tendency to cause large epidemics of 
conjunctivitis. The organism was named the Koch-Weeks bacillus, until it was recognised 
that it belonged to the genus Haemophilus as it possessed similar growth requirements 
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and biochemical characteristics to H. influenzae. Subsequently, DNA hybridisation 
studies indicated that the two organisms are phylogenetically a single species (Albritton 
et al., 1984). Hae has been re-classified as the Aegyptius biogroup of H. influenzae. 
Strains of Hae are non-encapsulated and as such are examples of NTHI, and all strains 
belong to biotype III. 
 
Hae has long been known as a cause of seasonal epidemics of acute, purulent 
conjunctivitis and disease continues to occur worldwide, particularly in regions with hot 
climate and high incidences of gnats and flies (Brenner et al., 1988). In 1931 and 1932, 
Bengtson studied Hae disease in Southern Georgia, and observed that the incidence of 
acute conjunctivitis coincided with the high breeding season of the eye gnat, Hippelate 
pusio, suggesting the gnat, which is attracted to eye secretions, may be the mechanical 
transmitter of Hae (Bengtson, 1933). In Brazil, a large epidemic of Hae conjunctivitis 
was reported in Campinas, São Paulo State, in 1941 (Harrison et al., 1989). 
 
Distinguishing between epidemiologically distinct strains is important for investigating 
disease outbreaks and identifying outbreak-related strains. Strain typing studies of H. 
influenzae have helped discriminate between strains of H. influenzae, as well as 
understanding the evolutionary relationships among these strains. Several H. influenzae 
typing studies have included isolates of Hae, allowing examination of their relatedness to 
other H. influenzae.  
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1.2.3 Strain typing 
Strain typing studies have been used to establish the genetic relatedness of BPF and 
conjunctivitis isolates of Hae. Three independent studies confirm by Multi Locus 
Enzyme Electrophoresis (MLEE) and Multi Locus Sequence Typing (MLST) that the 
BPF clone is very different from all other H. influenzae, including Hae. MLST directly 
measures sequence variation in a set of housekeeping genes (Maiden et al., 1998). Each 
gene is sequenced and unique sequences are assigned an allele number. The allele 
numbers for each strain are combined to form an allelic profile for that strain, and new 
allelic profiles are assigned a specific sequence type (ST). Strains are characterised by 
their unique allelic profiles, which can be compared to investigate the relatedness of 
isolates. 
 
The BPF clone has a unique ST65 in comparison to all other H. influenzae strains typed 
by MLST, and consistently forms an outlier group in all such studies. The most recent H. 
influenzae MLST study included 656 strains (322 NTHI strains, 244 Hib strains, 84 
encapsulated strains of other serotypes, and 6 strains of unknown serotype), and explored 
the phylogenetic relationships between these strains (Figure 1.2). Each ST, depicted by a 
single branch on the tree in Figure 1.1, corresponds either to a single serotype or to one or 
more NTHI strains. All BPF clone strains of Hae were ST65, the highest branch on the 
tree, while conjunctivitis-causing strains of Hae from Brazil cluster within clade 4 
comprising other NTHI (Erwin et al., 2008).  
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Such typing studies indicate that the BPF clone is not simply a derivative of a common 
Hae-conjunctivitis strain that has acquired a novel virulence factor, but that these two 
strains are evolutionarily more distinct than previously hypothesized. 
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Figure 1.2 H. influenzae phylogenetic relationships, with sequenced NTHI strains labelled (Erwin et al., 
2008). Maximum-parsimony tree for 359 STs, plotted with ST65 as the outgroup. Colored regions of the 
tree numbered 1 through 13 indicate clades that were found in 100% of trees.  
ST65 = BPF clone
Clade 4:
Brazilian Hae
conjunctivitis strains
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1.3 The natural history of non-typable H. influenzae 
disease 
 
Despite the near-elimination of invasive type b disease, strains of NTHI remain an 
important cause of respiratory tract and mucosal infections, including otitis media, 
chronic bronchitis, community-acquired pneumonia, and conjunctivitis. NTHI strains are 
genetically diverse, and exist as human commensals or as pathogens. Successful 
commensalism requires dampening of the inflammatory response and evasion of host 
defences. Respiratory tract disease occurs when NTHI adhere to or invade respiratory 
epithelial cells, initiating proinflammatory pathways. When the organism spreads to the 
middle ear, sinuses or the lungs, an inflammatory response is stimulated producing 
symptomatic infection (Rao et al., 1999). Nearly all H. influenzae strains associated with 
systemic disease possess a polysaccharide capsule essential for virulence in experimental 
systems (Moxon and Vaughn, 1981). For strains of NTHI, several surface structures have 
been suggested to affect virulence, but there is no single characteristic shared by all 
disease-associated strains.  
 
NTHI has been reported as the predominant cause of bacterial conjunctivitis, and 
biotypes II and III (which include all strains of Hae) predominate (Gigliotti et al., 1981; 
Weiss, 1994). Conjunctivitis refers to inflammation of the conjunctiva, the mucous 
membrane that lines the outermost layer of the eye and inner surface of the eyelid 
providing a protective coating of the eye. Conjunctivitis is the most common disease of 
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the eye and may be due to an infection (usually viral or bacterial) or an allergen. Under 
normal physiological conditions the mucus layer of the conjunctival epithelium protects 
the eyes from desiccation, injury and pathogen invasion. This mucus layer is made up of 
mucins, glycoproteins that consist of sialyic acid residues, which are targets of enzymes 
such as neuraminidases, whose actions have been shown to enhance the colonization of 
pathogens by exposing receptors on epithelial cell surfaces (Gipson, 2004). The 
mechanisms associated with the pathogenesis of Hae conjunctivitis have not been 
defined, but adherence of bacteria to the mucosal epithelium is regarded as the first step 
in the pathogenesis of disease due to NTHI.   
 
1.3.1 Colonisation of the mucosal surface 
The pathogenesis of disease begins with colonisation of the nasopharynx, which involves 
establishment on the mucosal surface and evasion of local immune mechanisms. H. 
influenzae achieves this by mechanisms that paralyze cilia and by producing the 
extracellular endopeptidase IgA1 that inactivates secretary IgA. In addition, strains of 
NTHI are endowed with a selection of adhesive molecules that facilitate recognition of 
host receptor molecules and attachment to epithelial cells. These adherence factors 
include haemagglutinating pili (Hif) and autotransporter proteins (HMW1/2, Hia and 
Hap), which promote interaction with damaged epithelium, high-affinity adherence to 
epithelial cells, and interbacterial interactions leading to bacterial aggregates and 
microcolonies on the epithelial surface (Rao et al., 1999).  
. 
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1.3.2 Persistence 
Persistence on the mucosal surface requires a supply of nutrients as well as continued 
evasion of the immune system. NTHI have developed complex systems for the 
acquisition of iron and heme from their hosts. Furthermore, the evolution of mechanisms 
for phase variation of virulence determinants, such as LOS, haemagglutinating pili and 
outer membrane proteins, facilitates bacterial survival and adaptation in a changing 
environment such as the host immune response. 
 
1.3.3 Invasion 
Invasion of epithelial cells permits movement of bacteria through the basement 
membrane and connective tissue and their attachment to microvascular endothelial cells, 
followed by appearance in the blood. Experiments using cultured human epithelial cells 
suggest that NTHI are capable of entering and surviving within epithelial cells (St Geme 
and Falkow, 1990). Furthermore, examination of infected epithelial cells by electron 
microscopy revealed clusters of bacteria between cells, suggesting invasion of the 
subepithelial space by passage of bacterial cells between cell tight junctions (van 
Schilfgaarde et al., 1995). The autotransporter adhesins Hap and HadA appear to promote 
entry into epithelial cells, however the level of entry is low suggesting that other factors 
may contribute to the invasion process (St Geme, 2002; Serruto et al., 2009b).  
 
NTHI adherence and invasion require the complex interplay between a variety of 
bacterial and host factors. Furthermore, virulence appears to be mediated by different 
mechanisms in different strains. The molecular determinants of H. influenzae 
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pathogenesis that may also play a role in the virulence of the BPF clone are discussed 
individually below. 
 
1.4 Virulence factors of the BPF clone 
 
Intensive investigations into the virulence of the BPF clone were undertaken to 
differentiate it from other strains of Hae, and identify the virulence factors responsible for 
the emergence of this pathogen. Comparisons of BPF clone isolates to noninvasive 
conjunctivitis-causing isolates of Hae have revealed characteristics that distinguish the 
BPF clone, outlined in Table 1.2. Several of these BPF clone-specific features, including 
presence of a particular plasmid and a unique 25 kDa putative pilin protein, were 
considered candidate virulence factors, but none have been shown to play a role in 
virulence upon further investigation. 
 
1.4.1 Early laboratory studies 
Whereas Hae had previously only ever been described as causing unpleasant but 
relatively benign conjunctivitis, the BPF clone is capable of invading into the 
bloodstream resulting in septicaemia, suggesting that it has novel virulence determinants 
for this species. Early laboratory studies comparing BPF clone isolates to non-BPF Hae 
strains revealed that the BPF clone can be distinguished by enhanced virulence in an 
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infant rat model, the presence of a unique plasmid, and expression of an antigenically 
distinct pilus that mediates haemagglutination. 
 
1.4.1.1 Infant rat model  
An infant rat model of bacteraemia, established for studying Hib pathogenesis, was used 
to compare the virulence potential of BPF clone and non-invasive strains of Hae. 
Intraperitoneal inoculation of complement-depleted 6-day old rats with one of three BPF 
clone isolates resulted in detectable bacteraemia in 66% of 30 rats, in comparison to 3% 
of 26 rats inoculated with one of three non-BPF clone isolates (Rubin et al., 1989). 
Animal passaged BPF clone isolates regularly caused bacteraemia in normal 6-day-ols 
rats. Passive immunization using antisera to BPF clone isolates provided complete 
protection against bacteraemia for rats inoculated with the BPF clone; however, immune 
serum prepared using non-BPF clone isolates provided minimal protection, nor did 
immune serum prepared using the Australian BPF isolate (Brandileone et al., 1993). 
These results suggest that the BPF clone harbours unique antigens that elicit a protective 
antibody response in infant rats (Rubin et al., 1989). 
 
1.4.1.2 The 3031 plasmid 
One of the first characteristics suggested to be unique to all BPF strains was the presence 
of the 24 MDa F3031 plasmid, named from the „type‟ strain in which it was first 
identified. Isolates from 3 groups were compared: (1) BPF case patients, isolated from 
blood, cerebrospinal fluid (CSF), conjunctiva and oropharynx; (2) case-associated 
patients, who had conjunctivitis and were epidemiologically associated with BPF cases 
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although not themselves developing BPF; and (3) control patients, with conjunctivitis, no 
BPF, and no association with BPF cases (Brenner et al., 1988). It was found that 100% of 
group 1, 72% of group 2, and 11% of group 3 harboured a 24 MDa plasmid of one of 7 
restriction types. All group 1 isolates had plasmid pattern 3031, which was absent from 
92% of group 3 strains, suggesting it might play a role in the unique virulence of BPF. 
This has not however been supported by subsequent work (Kroll et al., 2002). 
 
Sequencing of the 3031 typical broad host-range conjugative plasmid revealed 34 
putative open reading frames (ORFs) encoded within 32,379 bp, but none of the genes 
identified on the plasmid appeared to encode products that plausibly might contribute to 
pathogenicity (Kroll et al., 2002). In addition, Southern hybridization revealed the 
presence of the plasmid in non-BPF strains, which along with the finding that some BPF 
strains lack the plasmid, suggests that it is unlikely to play an important role in virulence. 
 
1.4.1.3 Hae capsule? 
Encapsulated H. influenzae exist as one of six capsular serotypes (a to f), all of which 
share the cap genes required for capsulation. The H. influenzae cap probe was found to 
hybridise with BPF clone DNA but not with non-BPF clone strains, indicating the 
presence of the cap genes, and suggesting that the BPF clone has a previously 
undescribed polysaccharide capsule, a so called “cap serotype g”. However, it was later 
demonstrated that hybridisation of the cap probe to BPF clone strains was due to 
presence of the insertion element IS1016, situated at the cap locus in some Hib strains, 
and the BPF clone did not have any conventional cap genes (Dobson et al., 1992). Lack 
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of capsule, an important virulence factor in invasive H. influenzae, is surprising and 
indicates that other mechanisms must underlie BPF pathogenicity.  
 
1.4.1.4 Pilin 
In 1982, two independent studies reported the presence of long peritrichous pili in 
selected isolates of Hib, and noted a correlation between piliation and increased levels of 
bacterial attachment to human oropharyngeal epithelial cells (Guerina et al., 1982; 
Pichichero et al., 1982). H. influenzae haemagglutinating pili, so called due to their 
ability to agglutinate erythrocytes, facilitate colonisation by mediating adherence of H. 
influenzae to human respiratory cells (Gilsdorf et al., 1997).  
 
An early study of potential virulence-associated factors in the BPF clone identified a 25 
kDa protein by SDS-PAGE, noted in Table 1.2, that was present in BPF clone isolates but 
absent from non-BPF clone strains (Brenner et al., 1988). Immunisation of rabbits with 
membrane vesicles containing the 25 kDa protein, and testing the immune serum for 
agglutination with 25 kDa positive and negative Hae strains, revealed that all of the 25 
kDa positive strains, but none of the 25 kDa negative strains agglutinated (Carlone et al., 
1989).  Weyant et al. described this protein as a pilin, whose expression is associated 
with agglutination of human erythrocytes (Weyant et al., 1990). Isolation, expression and 
sequencing of the BPF clone pilin revealed further similarity with pilin genes 
characterised from other H. influenzae, including binding to the same host cell structures 
on human erythrocytes and oropharyngeal epithelial cells as piliated Hib strains (St Geme 
and Falkow, 1993). Sequencing of the BPF clone gene revealed a 191 amino acid protein 
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with 71%  amino acid identity to Hib pilin (Whitney and Farley, 1993), and expression of 
both appears to be mediated by phase-variation. Structural analysis revealed that all the 
25 kDa-positive strains possessed short, thin, polar surface structures distinct from the 
long Hib pili. A second pilus locus is present in the BPF clone that appears to have 
originated by a duplication event (Read et al., 1996). 
 
H. influenzae pili are important in mediating bacterial adherence to mucosal surfaces, 
facilitating colonisation, but are unlikely to play a role in bacterial invasion. Piliated H. 
influenzae exhibit decreased levels of bacteraemia in infant rats inoculated intravenously, 
and stimulate enhanced opsonisation-dependent phagocytosis by neutrophils, than do 
non-piliated strains.  
 
1.4.2 Outer membrane proteins  
1.4.2.1 P145 protein 
The infant rat model of bacteraemia, described above, demonstrated that passive 
immunization of infant rats with antiserum to BPF clone isolates protects them from 
bacteraemia following experimental bacterial challenge. Immunoblotting revealed 
antibody to a 145 kDa protein, named P145, present in protective antisera but absent from 
nonprotective antisera (Rubin, 1995b). Further analysis showed that P145 is a phase-
variable outer membrane protein, conserved in BPF clone strains but not in conjunctivitis 
strains of Hae (Rubin, 1995a).  
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The role of P145 in virulence of the BPF clone for infant rats was examined by 
comparing BPF case clone strains that differed in P145 expression.  There was a 
significantly higher incidence of bacteraemia in infant rats inoculated with P145-
expressing phase variants. However, little difference in virulence was observed between a 
P145-expressing case-associated strain and two P145-nonexpressing phase variants of 
this strain (Rubin, 1995a). One P145-negative variant caused a lower magnitude of 
bacteraemia but the other did not differ from the P145-positive variant, and colonies 
grown from blood cultures maintained the same phenotype as their parent strains. The 
results suggest that P145 may not play an exclusive role in virulence of BPF clone 
strains. 
 
1.4.2.2 A 60 kDa haemagglutinin protein 
Haemagglutinins (HAs) are often associated with bacterial virulence, and it has been 
observed that 83% of BPF strains isolated from patients agglutinate erythrocytes. 
Barbosa et al. identified a 60 kDa HA absorbable by human O-type erythrocytes by an 
immunoblot assay (Barbosa et al., 2003). This 60 kDa protein is present in BPF clone 
isolates, but not found in the conjunctivitis strains of Hae. A chromatographically 
purified fraction of this protein was highly toxic in rabbits, intravenous injection leading 
to fatal intravascular coagulation and a histopathological picture of organ damage 
resembling that seen in human BPF (Barbosa et al., 2003). While speculating that this 60 
kDa HA might be an important determinant of the virulence of the BPF clone, the 
authors have not taken this work forward to attempt to further characterise or identify the 
protein (pers. comm. from Barbosa to SJK).  
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1.5 Other potential virulence factors of the BPF clone 
 
Bacterial virulence factors are diverse and particularly susceptible to natural selection 
based on the organism‟s ecological niche and environmental conditions, resulting in 
bacterial population characteristics. Genetic diversity, which assists bacterial survival in 
the face of a changing environment, is generated by two main mechanisms: variation in 
gene content and variation in gene expression, These strategies have been well described 
for strains of H. influenzae, and it is likely that, where present, established H. influenzae 
virulence factors play an important role in Hae pathobiology. 
 
1.5.1 H. influenzae lipooligosaccharide 
Lipopolysaccharide (LPS) forms an integral part of the outer membrane of Gram-
negative bacteria, and is a major virulence factor of many pathogenic organisms. 
Structural analysis of LPS has identified a conserved inner core unit, which provides a 
point for oligosaccharide chain elongation, linked to a lipid, lipidA (Schweda et al., 
2007). H. influenzae lipooligosaccharide (LOS) differs from the LPS of other Gram-
negative bacteria by having shorter oligosaccharide side chains and lacking an O-specific 
antigen (Gibson et al., 1993). This organism exhibits a series of related glycoforms that 
share a common inner core structure but differ in the number and position of attached 
hexose residues. H. influenzae LOS has been studied extensively, and plays a well 
established role in virulence (Hood et al., 1996; Moxon et al., 2006). 
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Structural variation between strains results from Hep residues within the inner core and 
heterogeneity in the presence of phosphate-containing substituents, such as 
phosphocholine (ChoP). This appears to allow the organism to adapt to variable host 
factors, mediating colonization. Antigenic heterogeneity of LOS results from differences 
in its core polysaccharide or short side chains (Figure 1.3). Such variation is a well 
recognized strategy to evade antigen-specific host immune defences (Weiser, 1992). In 
addition, certain H. influenzae LOS structures mimic host cell membrane 
glycosphingolipids, contributing to the survival of the organism in the host.  
 
 
 
 
 
 
 
Figure 1.3 Structure of H. influenzae LOS. Key: Gal, galactose; GlcNAc, N-acetyl- glucosamine, Glc, 
glucose; Hep, heptose; Kdo, keto-deoxyoctulosonate; and PEA, O-phosphorylethanolamine.  
 
H. influenzae LOS exhibits phase-variable expression of defined oligosaccharides, 
resulting in a repertoire of oligosaccharide epitopes in a single strain. Extensive 
variability in LOS structure and expression suggests that certain combinations of LOS 
modification may facilitate colonization or survival in different host environments 
(Hosking et al., 1999; Swords et al., 2004). 
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Early studies of BPF pathogenesis using the infant rat model demonstrated that the LOS 
phenotype is critical in BPF clone virulence. Following animal passage, variants with 
altered LOS phenotype emerge with greater capacity for bloodstream survival (serum 
resistance) (Rubin, 1995b). Perhaps because of this propensity to phase-vary, LOS 
antibodies produced in rats do not protect against experimental bacteraemia with the BPF 
clone (Peters and Rubin, 1992). A particular LOS phenotype may be necessary but is 
clearly not sufficient for the virulent phenotype. 
 
1.5.2 Iron acquisition  
Iron acquisition from host proteins is of major importance to the growth and survival of 
bacterial pathogens during infection. H. influenzae strains have an absolute requirement 
for iron or heme, along with protophorphyrin IX, the precursor of heme (Evans et al., 
1974). In H. influenzae, iron acquisition is a complex process that requires a number of 
distinct components (Table 1.3) and is mediated by specific transferrin receptors on the 
cell surface,  rather than by siderophore production (Schryvers and Gray-Owen, 1992). 
Two iron-repressible outer membrane proteins, named transferrin binding proteins 1 and 
2 have been identified, whose genes (tbp1 and tbp2) have been cloned and characterised. 
Transferrin-bound iron binds to Tbp2, which interacts with the integral membrane protein 
Tbp1. Tbp1 releases iron into the periplasmic space by a TonB-dependent transport 
mechanism and iron binds to FbpA. The resulting complex is actively transported through 
the iron permease HitB, in an energy-dependent process facilitated by HitC. 
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Table 1.3 H. influenzae proteins involved in iron and heme uptake. Adapted from Rao et al. (1999).  
Protein Gene Location Function 
Iron uptake    
Tbp1 tbpA outer membrane transferrin transport 
Tbp2 tbpB outer membrane transferrin binding 
FbpA hitA periplasm iron binding 
HitB hitB cytoplasmic membrane permease 
HitC hitC cytoplasmic membrane energy transduction 
Heme uptake    
HxuA hxuA secreted heme/hemopexin 
HxuB hxuB outer membrane release of HxuA 
HxuC hxuC outer membrane heme transport 
HgpA hgpA outer membrane haemoglobin 
HhuA hhuA outer membrane haemoglobin 
 
H. influenzae has an absolute requirement for heme or heme derivatives since it lacks the 
enzymatic machinery involved in converting δ-aminolevulinic acid to protoporphyrin IX, 
a precursor for the synthesis of heme. Heme acquisition is also a complex process 
involving several components, including those that bind heme sources, such as 
heme:hemopexin and heme:haptoglobin complexes, and those that mediate the transfer of 
heme into the cytoplasm (Table 1.3).  
 
Iron is also an important cellular signal in the regulation of the expression of genes 
encoding biosynthetic, metabolic, and pathogenic functions (Smoot et al., 1998). Genes 
regulated in response to changes in iron concentration are controlled by the universal 
ferric uptake repressor (Fur). Molecular characterisation of the iron uptake system in Hae 
has identified homologues of important components of these systems, such as the 
transferrin receptors and the ABC transporter system (Smoot et al., 1998). 
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1.5.3 H. influenzae autotransporter proteins 
Autotransporter proteins are extracellular proteins in Gram-negative bacteria that have 
been shown to play a role in a variety of host-pathogen interactions, including adherence, 
invasion, proteolysis, cytotoxicity and serum resistance (Henderson and Nataro, 2001). 
They are characterised by a three-domain structure, including an N-terminal signal 
peptide, an internal passenger domain, and a C-terminal translocator domain, that 
encodes the necessary machinery to direct their own secretion from the cell. 
Autotransporter secretion begins with Sec-dependent export across the inner membrane 
(IM) initiated by the signal peptide. The C-terminal translocator domain then inserts into 
the outer membrane (OM) forming a β-barrel structure though which the passenger 
domain is extruded across the OM and presented on the bacterial surface (Figure 1.4) 
(Cotter et al., 2005a).  
 
Figure 1.4 The structure of classical and trimeric autotransporters. In classical autotransporters (left), the β 
domain forms a 12-stranded β barrel (blue) that encloses the protein in an α-helical conformation (yellow). 
In trimeric autotransporters (right), the β domains of three proteins (yellow, blue and green) each contribute 
four β strands to a single 12-stranded β barrel, and an α-helical segment of each protomer traverses the β-
barrel pore. Reproduced from (Bernstein, 2007). 
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A novel subfamily of autotransporters, termed trimeric autotransporters, have been 
recently identified, and are characterized by an unusually short trimeric translocator 
domain. Trimeric autotransporters differ from classical autotransporters in a number of 
ways. Studies of the prototype trimeric autotransporter YadA, from Yersinia 
enterocolitica, have demonstrated that the C-terminal 70 amino acids are sufficient for 
translocating the N-terminal domain across the OM (Roggenkamp et al., 2003), whereas 
conventional autotransporters have a relatively uniform length C-terminal domain of 
~300 amino acids. Biochemical analysis of the C-terminus of YadA revealed that it forms 
trimers in the OM (Figure 1.4), suggesting that the short translocator domains function by 
oligomerisation (Roggenkamp et al., 2003). After translocation of the trimeric passenger 
domains across the outer membrane they remain covalently attached to the translocator 
domain, whereas in conventional autotransporters the passenger domain either remains 
joined non-covalently to the bacterial surface, or is released extracellularly. The 
passenger domains of trimeric autotransporters have three-fold symmetry and three 
identical faces, deduced based on the crystal structure deduced for YadA. This 
conformation is likely to increase binding avidity through a multivalent, high-affinity 
interaction with the host cell surface, and may be important in allowing the organisms to 
overcome the mechanical forces of host immune clearance mechanisms (Cotter et al., 
2005a). The IgA1 protease of Neisseria gonorrhoeae is the prototype member of the 
autotransporter family, and several examples of autotransporter proteins have been shown 
to play a role in host-pathogen interactions in strains of H. influenzae, as described below.  
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1.5.3.1 Immunoglobulin A1 (IgA1) protease 
Immunoglobulin A1 (IgA1) proteases are a family of bacterial enzymes that contribute to 
bacterial infection and colonization by cleaving human IgA, eliminating one important 
component of host defence (Kilian et al., 1996). Human IgA is the predominant antibody 
secreted at mucosal surfaces and is also present in human serum. It exists in two isotypes, 
IgA1 and IgA2, which differ in the amino acid sequence in the hinge region (Plaut, 
1983). This difference is important for bacterial IgA1 proteases, which all cleave the 
heavy chain of human IgA1 in this region, but are unable to cleave human IgA2. 
Cleavage separates the antigen binding (Fab) determinants from the effector (Fc) domain 
and renders it ineffective (Mistry and Stockley, 2006).   
 
Strains of H. influenzae produce two different IgA1 protease types (type 1 and 2), and 
almost all strains express either one or the other. These differ in the precise peptide bond 
at which they cleave IgA1 in the hinge region: type 1 IgA1 cleaves the peptide bond 
between the amino acid proline at position 231 and serine at position 232, whereas type 2 
cleaves the peptide bond between the amino acid proline at position 235 and threonine at 
position 236. The BPF clone of Hae appears to secrete a distinct IgA1 protease, which is 
genetically and antigenically different from other Brazilian strains of Hae, and most 
similar to the type 2 IgA1 proteases produced by H. influenzae serotype c and e strains. 
(Lomholt and Kilian, 1995; McGillivary et al., 2005a). IgA1 proteases secreted by the 
BPF clone are not neutralized by an array of antibodies to various H. influenzae IgA1 
proteases, whereas non-BPF clone strains of Hae, including the two “Australian BPF” 
isolates, have been shown to be neutralized by several reference antibody preparations 
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(Lomholt and Kilian, 1995). This suggests that the unique antigenic type of IgA1 protease 
secreted by BPF clone strains may contribute to evasion of systemic immune barriers, 
possibly contributing to the virulence of this strain. 
 
1.5.3.2 The Haemophilus adhesion and penetration protein (Hap) 
The Hap adhesin is an autotransporter protein present in most strains of H. influenzae. 
The Hap passenger domain has adhesive properties that have been shown to promote 
bacterial adherence to human respiratory cells and extracellular matrix (ECM) proteins 
(Fink et al., 2002). Hap has also been shown to play a role in bacterial aggregation via 
Hap-Hap interactions, mediated by the C-terminal 300 amino acids (Fink et al., 2003). 
Like the IgA1 proteases, Hap is a serine protease, and directs the autoproteolytic cleavage 
of Hap from the bacterial cell surface, which may play a regulatory role in bacterial 
adherence.  Hap and IgA1 protease share 30-35% identity and 50-51% similarity, 
indicating that the genes encoding these proteins are paralogues that have arisen by gene 
duplication in the H. influenzae genome (St Geme et al., 1994). However, in the BPF 
clone genome the hap gene is present as a pseudogene, resulting from point mutations 
within the coding sequence of the gene, and so is not expressed (Kilian et al., 2002). 
 
1.5.3.3 The Haemophilus surface fibrils (Hsf) and adhesin (Hia) 
The major nonpilus adhesins in strains of H. influenzae are the trimeric autotransporter 
proteins Hsf and Hia, present in encapsulated and non-typable strains of H. influenzae, 
respectively. Hsf shares significant sequence similarity to Hia and confers the same 
binding specificity as Hia, suggesting they are alleles of the same locus, supported by 
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Southern analysis and mutagenesis studies (St Geme et al., 1996). The Hsf protein is 
present in 100% of encapsulated strains tested by Southern blot, whereas Hia is present in 
approximately 20% to 25% of NTHI strains (St Geme et al., 1998; St Geme and Cutter, 
2000). Hsf and Hia form highly immunogenic fibre-like structures on the bacterial 
surface, that mediate adherence to cultured Chang human epithelial cells (Cotter et al., 
2005b; Winter and Barenkamp, 2009).  
 
1.5.3.4 Haemophilus “high-molecular-weight” adhesins (HMW) 
Only 35% of NTHI express haemagglutinating pili, implying the existence of other 
colonization factors. A group of high-molecular-weight (HMW) surface-exposed proteins 
were identified, of which two, HMW1 and HMW2, appear to be unique to NTHI strains 
(Barenkamp and Leininger, 1992). These proteins are present in approximately 75% of 
NTHI strains, but only in those that lack Hia: the two appear to be mutually exclusive 
(Winter and Barenkamp, 2009). Their role in adherence has been investigated through 
the construction of mutants of NTHI that were deficient in expression of HMW1 or 
HMW2 or both, and the strains were assessed for their capacity to bind to cultured Chang 
epithelial cells. In addition, their role in adherence independent of other Haemophilus 
surfaces structures was confirmed by cloning these two genes into E. coli DH5α, a 
normally non-adherent strain. Cloned HMW1 led to greater levels of attachment than 
HMW2, the proteins apparently interacting with distinct eukaryotic cell receptors and 
perhaps functioning at different steps in the process of colonisation (Barenkamp and 
Leininger, 1992). 
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1.5.3.5 The Haemophilus adhesion A protein (HadA) 
The most recently characterised BPF clone putative virulence factor is a member of the 
trimeric autotransporter subfamily, termed HadA (Serruto et al., 2009b). The gene was 
identified by comparative genomics and homology to NadA, a virulence factor in 
Neisseria meningitidis. Expression of NadA on the bacterial surface of E. coli promotes 
adhesion to and invasion of Chang epithelial cells (Capecchi et al., 2005). Using the C-
terminal translocator unit of NadA as a query sequence to screen the GenBank protein 
databank, a significant hit was detected to the 3‟-end of a clone derived from a 
subtractive hybridisation study between the BPF clone strain F3031 and the noninvasive 
Hae strain F1947 ((Serruto et al., 2009b). A protein sharing 36% sequence identity to 
NadA was identified from this clone and named HadA. Expression of HadA in E. coli 
demonstrated a role in adherence to human epithelial cells and extracellular matrix 
proteins (Serruto et al., 2009b). Analysis of the role of HadA in its native background in 
the BPF clone was not attempted. 
 
1.5.4 Prevalence of adhesins in NTHI 
Strains of NTHI are genetically far more diverse than Hib (Musser 1986). In addition to 
the commonly shared H. influenzae adhesins and haemagglutinating pili, they possess 
distinct adhesins, such as HMW proteins and Hia. The prevalence of these adhesins in 
strains of NTHI has been studied to gain a better understanding of the roles they might 
play in the pathogenesis of H. influenzae infection. The hmw and hia genes, not present in 
the Hib strains, varied in prevalence in strains of NTHI. The hmw genes were 
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significantly more prevalent in middle ear than throat isolates of NTHI, suggesting a role 
in the pathogenesis of otitis media (Ecevit et al., 2004).  
 
In another study, the association of IS1016 and Hia has been examined in invasive strains 
of NTHI. A significant association was found between the presence of IS1016 and Hia. 
Since IS1016 is found in capsular H. influenzae, it has been speculated that IS1016 may 
have brought virulence-associated genes in with it in NTHI strains possessing this 
insertion element (Satola et al., 2008). Variability in the presence of adhesin genes 
among clinical strains may provide insight into their importance in the infection process. 
 
1.5.5 Phase variation 
Phase variation (PV) is an adaptive mechanism, conferring on bacterial pathogens the 
ability to adapt rapidly to fluctuating environments, such as avoidance of host immune 
clearance mechanisms (Bayliss et al., 2001). A striking feature of the complete genome 
of H. influenzae strain Rd KW20 is the abundance of loci containing tandem simple 
sequence repeats (SSRs) associated with a specific subset of genes. These regions are 
termed “contingency loci”, and the SSRs at these sites are found within either the coding 
sequence or the promoter. There are a variety of molecular mechanisms of PV, and the 
simple sequence contingency loci of H. influenzae are well established. SSRs are prone to 
high rates of mutation through slipped-strand mispairing that can occur during 
chromosomal replication or during processes that require DNA synthesis, such as DNA 
repair and recombination (Bayliss et al., 2001). Loss or gain of SSRs in the coding 
sequence of a gene produces a reversible translational frameshift mutation, which 
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switches gene expression „on‟ or „off‟.  Where SSRs occur within the promoter, a change 
in the number of repeat units, and so relative position of the RNA-polymerase binding 
sites within the promoter, can result in modulation of gene expression. 
 
Contingency genes were first recognized in H. influenzae through studies of LOS 
biosynthesis, where LOS phase-variants that express specific epitopes were found to have 
enhanced virulence in an animal model (Bayliss et al., 2001). In H. influenzae, enzymes 
required for the addition of modifications to the exposed surface of LOS molecules are 
encoded by genes associated with SSRs, which generate antigenic variation. For example, 
the chromosomal locus lic1 encodes 4 proteins required for addition of phosphorylcholine 
(ChoP) to LOS. PV at this locus is controlled by changes in the number of tetranucleotide 
repeats of 5‟-CAAT-3‟ at the 5‟ end within the lic1A gene, resulting in presence or 
absence of ChoP on LOS. Selection for variants that express ChoP was demonstrated 
during nasopharyngeal colonisation in infant rats. However, ChoP expressing variants are 
more sensitive to the bactericidal effects of human serum, through binding to C-reactive 
protein (CRP) and subsequent activation of complement through the classical pathway 
(Weiser et al., 1998; Lysenko et al., 2000). In this example, phase-variable expression of 
ChoP appears to assist in bacterial survival through persistence on mucosal surfaces 
(ChoP+ phenotype) and evasion of the immune system during invasive infection (ChoP- 
phenotype) (Weiser et al., 1998).  
 
The divergent promoters of H. influenzae fimbrial genes hia and herb share a 
dinucleotide repeat of (TA)n, located between the putative -10 and -35 RNA polymerase 
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binding sites (van Ham et al., 1993). Changes in the number of TA repeats affect 
transcription of both the fimbrial subunit gene (hia) and its chaperone (hifB) by altering 
the distance between the promoter components for both genes simultaneously. At optimal 
repeat lengths both genes are transcribed, and at other repeat lengths transcription is 
reduced or prevented. 
 
SSR contingency loci are now well characterized for H. influenzae and associated with 
the variable expression of genes required for LOS biosynthesis, adhesion, iron 
acquisition, and restriction-modification (Moxon et al., 2006). Through this system of 
localised hypermutation, bacterial pathogens are able to generate phenotypic variation in 
genes whose expression plays a crucial role in host-pathogen interactions, and as such 
may contribute considerably to enhanced virulence.   
 
1.6 Molecular approaches to understanding the virulence 
of the BPF clone 
 
The application of more sophisticated molecular techniques, including subtractive 
hybridization studies, have successfully identified genomic loci unique to the BPF clone 
(Smoot et al., 2002; Li et al., 2003; McGillivary et al., 2005b). Such regions are 
frequently associated with pathogenicity islands, mobile genetic elements and variations 
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in virulence gene expression, and therefore their characterization may provide important 
insights in bacterial pathogenicity. 
 
1.6.1 Subtractive DNA hybridisation 
PCR based subtractive hybridisation (SH), comparing the genome of the BPF clone strain 
F3028 to a typical Hae conjunctivitis isolate F3043, resulted in the identification of 46 
chromosomal loci unique to the BPF clone. This led to the discovery of a gene named 
bpf001, a 195 amino acid protein present only in the BPF strain. Bpf001 is homologous to 
the epithelial cell entry-enhancing protein, EnhC, from Legionella pneumophila, and also 
to the meningococcal gene NMB0419 of previously unknown function (Li et al., 2003). 
Initially, due to difficulties in manipulating BPF clone isolates experimentally, functional 
investigation was carried out via its meningococcal homologue NMB0419. The results 
demonstrated that deletion mutants in NMB0419 invaded monolayers of the human 
respiratory tract significantly less than wild-type, suggesting that bpf001 contributes to 
epithelial adhesion and invasion. Subsequent successful construction of an isogenic 
mutant for bpf001 in the BPF clone strain G1100 allowed investigation into the function 
of this gene within its natural background. An epithelial cell adherence and invasion 
assay demonstrated that bpf001 mutants had a reduced ability to adhere to human 
epithelial cells, however no difference was found in the proportion of adhering bacteria 
that invaded the epithelium. An ex vivo whole blood bacterial survival assay showed no 
difference in survival in human blood between the bpf001 mutant and wild-type G1100 
(Heggie, 2008). These findings suggest that bpf001 may be involved in the early stages of 
pathogenesis through interaction with the conjunctival epithelium.  
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A second SH study comparing the BPF clone strain F3031 genome to that of the non-
invasive Hae isolate F1947 identified several chromosomal regions present in only F3031 
(Smoot et al., 2002). F3031-specific inserts encoded genes including iga, the haemocin 
immunity gene hmcD, several phage related genes and hypothetical genes. Some inserts 
had no matches in the public databases and may encode novel virulence determinants. Of 
interest, this study identified the largest genomic island found in a Haemophilus strain to 
date, a 34 kb domain apparently unique to the BPF clone. Cloning and sequencing of this 
34 kb genomic island revealed synteny in the entire region to sequence from Salmonella 
enterica, Photorhabdus luminescens, Chromobacterium violaceum, and Haemophilus 
ducreyi (McGillivary et al., 2005b). Characterisation of the genes encoded within this 
island revealed homology to phage-related genes, bacteriocins, and conserved 
hypothetical genes. The sequence data generated from this study were subsequently 
deposited in the GenBank database and enabled the more recent identification and 
characterisation of HadA, (described in Section 1.4.3.5). Although the contribution of the 
genomic island is not known, this work demonstrates the potential importance of 
horizontal gene transfer, including the acquisition of DNA from unrelated sources, in the 
evolution of the BPF clone. 
 
1.7 H. influenzae genomics 
 
Bacterial genomics began with sequencing of the genome of H. influenzae strain Rd 
KW20 in 1995 (Fleischmann et al., 1995), and has since advanced to encompass more 
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than 1,350 complete bacterial genomes (www.genomesonline.org, August 2010). There 
are four complete H. influenzae genome sequences available online, as well as 27 
ongoing projects, outlined in Table 1.3. 
 
1.7.1 H. influenzae strain Rd KW20 
H. influenzae strain Rd KW20 was the first free-living organism to have its genome 
completely sequenced by The Institute for Genomic Research (TIGR) (Fleischmann et 
al., 1995). Rd KW20 was chosen due to its genome size being representative of other 
bacteria, and G+C content similar to the human genome. Furthermore, since no physical 
map of the Rd KW20 genome existed, this strain provided a test for the approach of 
shotgun sequencing, scaffolding and assembly. Strain Rd KW20 is a serotype d strain that 
has lost the genes encoding its capsule (a rough derivative, Rd) and strains of this 
serotype rarely cause disease. The complete genome of Rd KW20 is freely available 
(Accession number NC_000907) providing a valuable resource from which to compare 
and analyse other H. influenzae genomes. 
 
1.7.2 NTHI strain 86-028NP   
A decade after publication of the Rd KW20 genome, the genomic sequence of an otitis 
media isolate of NTHI was published (Accession number NC_007146) (Harrison et al., 
2005). NTHI strain 86-028NP was isolated from the middle ear secretions, and was 
chosen for genome sequencing as a pathogenic strain for comparison to Rd KW20, 
providing insight into disease caused by NTHI. Comparison of the genomic sequence of 
86-028NP to Rd KW20 revealed differences between these genomes and identified a 
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repertoire of 280 genes that were in 86-028NP but not in Rd KW20. Characterising 
strain-specific genes by comparative genomics, in particular between a pathogenic and a 
commensal strain, has the potential to identify novel mechanisms that might be 
implicated in pathogenesis.  
 
1.7.3 Other H. influenzae genome projects 
There are four complete H. influenzae genome sequences: Rd KW20, NTHI 86-028NP, 
NTHI PittGG (NC_009567), and NTHI PittEE (NC_009566) (Table 1.3). Of the current 
27 ongoing projects, 25 are strains of NTHI. NTHI strains are commonly associated with 
asymptomatic carriage but are also an important cause of respiratory tract infections such 
as otitis media, chronic bronchitis, and community acquired pneumonia (Erwin and 
Smith, 2007). They are often naturally transformable and their genomes exhibit 
considerable plasticity between strains through horizontal gene transfer. Researchers at 
the Allegheny-Singer Research Institute (ASRI) have sequenced the genomes of 11 
clinical NTHI isolates, 2 by traditional Sanger methods and an additional 9 using de novo 
454-based pyrosequencing, to compare the genomic content of NTHI strains to the 
complete Rd KW20 genome (Hogg et al., 2007). Their results suggest that approximately 
10% of genes in each clinically isolated NTHI strain are unique by comparison to Rd 
KW20 (Shen et al., 2005). These studies reveal the importance of genome sequencing in 
identifying novel strain-specific variation that is likely to contribute to each strain‟s 
pathogenicity.  
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Table 1.3 Current complete and ongoing H. influenzae bacterial genome projects. Obtained from 
www.genomesonline.org, July 2010. Associated information is provided if available. The four complete 
projects include two published: 1 (Fleischmann et al., 1995), and 2 (Harrison et al., 2005). 
 
Disease definitions: Sinusitis/otitis media+: Sinusitis, otitis media, bronchitis, septicemia and meningitis; 
COPD, chronic obstructive pulmonary disorder. 
† Sequencing centres: JCVI, J. Craig Venter Institute; NIH-NIDCD, National Institute of Health-National 
Institute of Defness and other Communication Disorders; ASRI, Allegheny-Singer Research Institute; 
WSPAHS, West Penn Allegheny Health System.  
 
1.7.4 Lessons from bacterial comparative genomics 
Bacterial genomics has facilitated the discovery of putative virulence genes through 
genome annotation. The genomic sequence can reveal genetic signatures, for example 
simple sequence repeats that are known to modulate the expression of genes important in 
Number Strain Size (kb) Genes GC Sequencing Isolation Country of Disease Sequencing
Content method site origin centre
Complete
1 Rd KW20 1830 1774 38.1 Nasopharynx USA Sinusitis/otits media+ JCVI
2 86-028NP 1913 1927 38.2 Sanger Middle-ear USA Otits media NIH-NIDCD
3 PittGG 1887 1793 37.9 Sanger Ear USA Sinusitis/otits media+ ASRI
4 PittEE 1813 1750 37.9 Sanger Middle-ear USA Sinusitis/otits media+ ASRI
Ongoing
5 F3031 1900 1834 38.2 Sanger Blood Brazil BPF Sanger Institute
6 F3047 2000 1826 38.2 Sanger Conjuntivia Brazil BPF Sanger Institute
7 HK1212 859 2049 39 Sanger BPF Australia BPF JCVI
8 PittDD 1760 0 37.9 Middle-ear USA Sinusitis/otits media+ ASRI
9 22.1-21 1850 2370 37.9 454 Nasopharynx USA Sinusitis/otits media+ ASRI
10 PittAA 1900 2102 38.2 454 Middle-ear USA Sinusitis/otits media+ ASRI
11 PittBB Middle-ear USA Sinusitis/otits media+ ASRI
12 PittCC Middle-ear USA Sinusitis/otits media+ ASRI
13 PittFF Ear USA Sinusitis/otits media+ ASRI
14 PittJJ Middle-ear USA Sinusitis/otits media+ ASRI
15 3655 1850 2068 38 454 Middle-ear USA Sinusitis/otits media+ ASRI
16 22.4-21 1890 2203 37.9 454 Nasopharynx USA Sinusitis/otits media+ WSPAHS
17 PittHH 1830 2065 38 454 Middle-ear USA Sinusitis/otits media+ ASRI
18 PittII 1954 2158 38 Middle-ear USA Sinusitis/otits media+ ASRI
19 R3021 1851 2402 38 Nasopharynx USA Sinusitis/otits media+ ASRI
20 3224A USA
21 R2846 1800 1764 38 Sanger Middle-ear USA Otits media
22 R2866 1890 1896 38.1 Sanger Blood USA Meningitis
23 10810 2100 Blood UK Meningitis Sanger Institute
24 6P18H1 181219 61 37.9 Nasopharynx USA COPD ASRI
25 7P49H1 1827 1818 37.9 Nasopharynx USA COPD ASRI
26 22.1-24 454 Nasopharynx USA Sinusitis/otits media+ ASRI
27 R1838 454 Blood New Guinea ASRI
28 NML-20 454 Blood Canada ASRI
29 R393 454 Sputum Malaysia ASRI
30 RdAW 1802 1770 37 454 Broad Institute
31 NT127 1865 1860 38 454 CSF Meningitis Broad Institute
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host-pathogen interactions. Furthermore, physical linkage of a hypothetical gene to a 
known virulence gene provides strong evidence for the hypothetical product‟s role in 
pathogenicity. The goal of comparative genomics is to identify genetic differences across 
entire genomes, and to correlate those differences with biological function to gain insight 
into the selective evolutionary pressures, particularly in the context of virulence of 
pathogenic strains (Raskin et al., 2006). Patterns of gene gain and loss, novel genes, and 
pseudogenes can be revealed from comparative genomic analysis.  
 
A comparison of four Staphylococcus aureus and two Staphylococcus epidermidis 
genomes revealed the major role of gene transfer in the evolution of Staphylococcal 
virulence. Seven pathogenicity genomic islands, encoding toxins and virulence factors, 
specific to S. aureus may underlie the increased pathogenicity of this organism (Gill et 
al., 2005). Over 10,000 SNPs were detected between strains, which were most frequently 
in cell envelope or surface proteins, and play a role in immune evasion (Gill et al., 2005).  
 
In the case of Bordetella, comparative genomics suggests that the increased virulence of 
Bordetella pertussis over Bordetella parapertussis is not due to the recent acquisition of 
virulence factors. The analysis indicates that these two host-restricted species evolved 
independently from a Bordetella bronchiseptica-like ancestor, which has a broad host 
range. Adaptation of B. pertussis and B. parapertussis to a limited host range appears to 
be a consequence of large-scale gene loss and inactivation, rather than gain of function, 
and virulence of B. pertussis may result from over-expression or constitutive-expression 
of virulence traits that are shared by all species (Parkhill et al., 2003).  
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Whole-genome sequence comparisons have several advantages over microarray-based 
methods, including the ability to identify and compare all putative protein coding genes 
within a genome, and detection of differences as small as SNPs. However, while 
comparative genomics can predict highly conserved “hypothetical” genes, they cannot 
ascribe function without more computational or experimental information. 
 
1.7.5 Pan-genomic studies of bacterial genomes 
Advances in sequencing technology have accelerated the rate of completion of bacterial 
genomes, leading genome analysis towards a pan-genomic approach (Tettelin et al., 
2008; Bentley, 2009). Such studies compare the genome content of multiple isolates of 
the same species, analysing the size of the gene repertoire accessible to any given species. 
This approach allows a thorough analysis of genetic variation and identification of all 
uncharacterised but potentially important putative virulence-associated genes present in a 
single or subset of strains. 
 
The pan-genome is composed of the sum of the core genome – those genes shared by all 
strains studied – and the accessory genome that consists of genes present in some but not 
all strains studied, including strain-specific genes (Tettelin et al., 2008). The core genome 
is likely to encode functions related to the basic biology and phenotypes of the species, 
whereas the accessory genome contributes to the species‟ diversity and probably provides 
functions that confer selective advantages including adaptation to a particular niche, the 
ability to colonise new hosts, and antibiotic resistance (Tettelin et al., 2008). Hogg et al. 
(2007) describe the first H. influenzae pan-genome model for the analysis of 12 clinical 
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NTHI strains and H. influenzae Rd KW20 (Hogg et al., 2007). They observe that on 
average every clinical strain varies from another by the presence of over 300 genetic loci, 
suggesting large heterogeneity among NTHI strains with respect to pathogenic potential. 
 
1.7.6 Hae genome sequencing and the Wellcome Trust Sanger 
Institute 
Following our successful application to the Wellcome Trust Sanger Institute (WTSI), the 
genome sequences of the BPF clone strain F3031 and the conjunctivitis isolate F3047 
were accepted for complete genome sequencing. Genome sequencing, assembly and 
finishing took place at the WTSI. Sequencing began in January 2007, and the F3031 
genome was completed in August 2008, followed by the F3047 finished genome in 
October 2009. Sequence data became available in the form of contigs – assembled 
sequence reads – prior to completion of the genome sequences, from February 2007. 
Initial annotation and comparisons were generated while working at the Pathogen 
Sequencing Unit (PSU) at WTSI, and further manual curation and analysis took place at 
Imperial College. 
 
The genome sequences of strains F3031 and F3047 are the first two Hae genomes to be 
completely sequenced, providing the opportunity to evaluate strain-specific features and 
differences that underlie differences in phenotype observed. 
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1.8 Summary 
 
For over 100 years strains of Hae have only ever been known to be associated with 
benign mucosal disease, until the emergence of this unusual clone, capable of invading 
the bloodstream and causing fatal systemic infection in infants and young children. 
Several phenotypic and genetic characteristics have been identified to be unique to the 
BPF clone, yet none have been shown to play a definitive role in its unusual virulence, 
which remains unexplained. Comparison of the BPF clone to Hae conjunctivitis using SH 
techniques are limited in that they only identify regions of the genome that are present in 
one isolate but absent from the other, and do not take into account sequence variation or 
gene loss. Whole-genome sequencing of the BPF clone and a contemporaneous 
noninvasive Brazilian Hae conjunctivitis isolate enables a thorough evaluation of all 
genomic differences between these two strains, and identification of all uncharacterised 
but potentially important putative virulence-associated genes present in the BPF clone 
genome.  Comparison to other sequenced strains of H. influenzae allows identification of 
genomic regions shared between these strains and delineation of the accessory genome 
for Hae, affording insight into the mechanisms that may underlie differences in the 
biology and lifestyle of this group.  
 
I hypothesise that the BPF clone harbours unidentified genomic loci encoding virulence-
associated factors that confer on this organism the propensity to invade into the 
bloodstream and cause systemic disease. Genetic variation, arising from mechanisms 
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such as horizontal gene transfer, point mutations, deletions and phase-variation are 
responsible for driving genetic and phenotypic diversity and can be assessed directly 
from the genome sequence. In this thesis the annotation and comparison of the invasive 
Hae BPF clone strain F3031 and non-invasive Hae conjunctivitis strain F3047 genome 
sequences are described and compared to other strains of H. influenzae to explore 
variation in genomic content that may underlie the different pathogenic phenotypes of 
these strains. Any genes identified in the F3031 genome that encode predicted virulence 
factors will be investigated further through empirical studies of gene function. 
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1.9 Aims and objectives 
 
1.9.5 Aims 
To identify putative virulence and virulence-associated factors that may give BPF 
case clones the ability to cause invasive disease, with the broader perspective of 
understanding the pathogenesis of invasive bacterial infections.  
 
1.9.6 Objectives 
1. Extensive in silico analysis through annotation and comparison of the BPF 
clone strain F3031 and conjunctivitis strain F3047 genome sequences to other 
strains of H. influenzae. Identification of: 
(i) Strain-specific genes 
(ii) Genes displaying sequence variation between strains 
(iii) Gene amplifications 
(iv) Phase-variable genes 
2. Functional analysis of genes of interest to investigate variation between strains 
of Hae and analysis of their possible roles in pathogenesis through gene 
expression in E. coli and appropriate tissue culture models of pathogenesis. 
3. Development current methods for successful transformation of strains of Hae. 
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2.1 Whole genome sequencing and annotation 
 
The traditional approach of Sanger dideoxy sequencing, originally developed by Fred 
Sanger in 1977, was chosen for whole genome sequencing. The genome sequences are 
freely available under the Wellcome Trust Sanger Institute (WTSI) data release policy, 
available here: http://www.sanger.ac.uk/sequencing/Haemophilus/influenzae/F3031/ for 
strain F3031, and http://www.sanger.ac.uk/sequencing/Haemophilus/influenzae/F3047/, 
for strain F3047.  
 
The annotation described in this work will be released under the WTSI data release 
policy as soon as completed, and should be regarded as provisional. 
 
2.1.1 Choice of strains to be sequenced 
The BPF clone strain F3031, recovered from the blood of a patient with BPF, was chosen 
for whole genome sequencing. Previous studies have confirmed, within the limitations of 
typing studies, that strains of Hae BPF are clonal, and so any strain of BPF should be a 
representative candidate for genome sequencing. For comparison, the conjunctivitis-
causing strain F3047 of Hae, isolated from a case in a child in an area free of BPF, and 
typed as not being the BPF clone, was chosen as a representative Brazilian conjunctivitis 
isolate. Genomic DNA was prepared and sent to us from these strains by Leonard Mayer 
at the National Center for Infectious Diseases, CDC, Atlanta, Georgia, and taken to the 
WTSI for sequencing. 
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2.1.2 Sequencing and assembly 
Whole genome sequencing began in December 2006. A whole genome shotgun library of 
fragments cloned into plasmid vectors was created in Escherichia coli and the first draft 
sequence was assembled from dye-terminator Sanger capillary reads on Applied 
Biosystems 3730 DNA analyzers. Dideoxy or chain termination sequencing is based on 
the use synthetic nucleotides called dideoxynucleotides (ddNTPs) that contain a hydrogen 
group on the 3‟ carbon instead of a hydroxyl group (OH). When integrated into a 
sequence ddNTPs prevent the addition of further nucleotides, terminating chain 
elongation. DNA strands to be sequenced are separated and supplied with a primer that 
anneals to the template DNA; and DNA polymerase, that binds to the primer and initiates 
synthesis of a new strand of DNA by incorporation of nucleotides (a mixture of dNTPs 
and dye-labelled ddNTPs). Chain elongation proceeds until DNA polymerase inserts a 
ddNTP, halting the process and resulting in fragments of varying lengths that end in 
fluorescently labelled bases. The fragments are separated by size when run through glass 
capillaries, and a laser at the end of the capillary excites the final fluorescent base, 
determining its identity according to the wavelength at which it fluoresces. The results 
are depicted on a chromatogram as different coloured peaks corresponding to each 
nucleotide. A high ratio of normal dNTPs to a limited quantity of fluorescently-labelled 
ddNTPs results in DNA strands of 500-800 bases in length. 
 
Sequence finishing was coordinated by Nicola Corton of the Pathogen Sequencing Unit 
(PSU). The finishing team used DYEnamic ET Terminator Cycle kit (Illustra TempliPhi 
Sequence Resolver Kit from GE Healthcare, formerly Amersham Biosciences) to close 
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sequence gaps and uncertainties. Finishing was done to a minimum of two strands 
covering each base with quality checking using GAP assembly software (Bonfield and 
Staden, 1995). Uncertainty on base calling, such as a single nucleotide polymorphism 
(SNP) that altered the amino acid codon in comparison to closely related strains, was 
verified on request and confirmed in multiple reads. 
 
2.1.3 Annotation  
The primary aim of the annotation was to provide a prediction of all sequence features to 
be of use to the wider research community, including those interested in H. influenzae 
diversity and the BPF clone as a pathogen, as well as a valuable resource for bacterial 
genomics. An automated pipeline was applied to the finished genome sequence before 
being manually curated by the annotator. The scripts comprising the automated 
annotation pipeline have been written and edited by programmers at the PSU.  
 
2.1.3.1 Coding sequence prediction and numbering 
Coding sequences (CDSs) were predicted using Glimmer 3, a prokaryotic gene finder 
(Delcher et al., 2007). Having predicted all possible CDS features above 100 bp, each 
was assigned an identifier, numbered from HIBPF00010 to HIBPF20640 for strain F3031 
and HICON00010 to HICON18290 for strain F3047. The identifiers differed by 10 to 
allow for additional CDSs, false-negative results from the Glimmer 3 software, during the 
manual annotation.  
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2.1.3.2 Import of annotation 
Annotation was imported from the internal database in the PSU, compiled from the H. 
influenzae serotype b strain 10810 genome sequenced at WTSI. Entries from this 
database were imported by script where a reciprocal FASTA (Pearson and Lipman, 1988) 
match over the length of the predicted CDS in Hae was found to be greater than 80% and 
the amino acid identity greater than 30%.  
 
2.1.3.3 Artemis  
The genome sequence data was visualized using Artemis, a genome viewer and 
annotation tool (Rutherford et al., 2000). The annotation was written as a .tab file 
(HIBPF.tab and HICON.tab) in Artemis and CDSs were edited using the Artemis Feature 
Editor (Figure 2.1) and the ObjectEdit within this. FASTA searches were run from 
Artemis using the PSU cluster for visualization of alignments and International 
Nucleotide Sequence Database Collaboration (INSDC) accession data in Artemis‟s 
Object Editor window. FASTA searches are used for this purpose since this method 
attempts to find full-length matches, whereas local alignment tools tend to match smaller 
domains.  
 
2.1.3.4 The Artemis Comparison Tool (ACT) 
The Artemis comparison tool (ACT), a DNA sequence comparison viewer based on 
Artemis (Carver et al., 2005), was used to visualize the extent of sequence matches 
between Hae strains F3031 and F3047 sequences and sequences of other H. influenzae 
complete genomes, and also partial sequence comparisons of regions of interest. 
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Comparison files were generated by blastn or tblastx prior to being uploaded into ACT. 
Smaller-scale comparisons between regions within the genome were generated using 
WebAct (http://www.webact.org).  
 
2.1.4 Data curation 
Several datasets were integrated into the final version of the genome annotation 
(HIBPF.tab and HICON.tab), described below. These were used together to decide on the 
likelihood of the CDS being genuine and the appropriate product prediction. Similarity 
searches were used to identify whether there was significant homology between a 
translated CDS and a characterized protein. Additional protein domain, motif and 
similarity searches using Pfam were used to confirm predicted function or suggest a 
function if no overall homology was detected. In these cases the specificity of the 
assigned function was downgraded to the broad function of the protein family.  
 
2.1.4.1 Manual curation of CDS prediction 
Manual curation of the genome annotations involved inspecting and editing each CDS 
feature. Where both the frame plot and correlation score met the expected values for the 
genome but no significant match (E>0.01) was detected from the FASTA/BLAST vs 
UNIPROT, the CDS feature was assigned with:  /product=„unknown protein, no known 
homologues”; /class=”0.0.0”; and /colour=8. Where a significant (E<0.01) match was 
found in UNIPROT but no function inferred to that match, the CDS was assigned: 
/product=„conserved hypothetical protein”; /class=”0.0.2”; and /colour=10. 
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The preliminary annotation added by the automated annotation pipeline gave each CDS 
the indicator IEA (Inferred by Electronic Annotation) in the /status qualifier (Figure 2.1). 
The IEA was changed to ISS (Inferred from Sequence Similarity) during the manual 
curation to record which CDSs have been inspected. 
 
 
Figure 2.1 Artemis Feature Edit window showing the relevant qualifiers for the licA gene. Qualifiers 
include the 4 essential annotation keys (systematic_id, product, class, and colour) and additional 
information based on the FASTA results. All entries could be updated manually. 
 
2.1.4.2 FRAME analysis 
A FRAME graph, which is a plot of the “codon third position” G+C content, helps to 
indicate the presence of a CDS in organisms with genomic G+C content deviating from 
50% (Bibb et al 1984). Due to the redundancy in the third position of amino acid codons, 
the G+C content of these positions is likely to have resulted from mutation bias to the 
organism‟s preference in G+C content (Wright and Bibb, 1992). The N-terminus extents 
of CDSs were adjusted with reference to the FRAME plot (Figure 2.2), and missing 
CDSs added where the plot indicted their presence. 
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Figure 2.2 G+C FRAME plot shown above for F3031 CDS feature HIBPF00420 (green), and relative 
position marked at either end of the CDS. Coloured traces correspond to the GC content of the 1
st
, 2
nd
 and 
3
rd
 position independently. 
 
2.1.4.3 Correlation scores 
The correlation score (Rutherford et al., 2000) is a metric for the correlation between 
amino acid composition of globular proteins in TREMBL and the translation in each 
reading frame. Correlation scores greater than 52 are likely to indicate the presence of a 
CDS (S. D. Bentley pers. comm.), and used to confirm the presence of a CDS or false 
positive assignment. 
 
2.1.4.4 Pseudogenes 
Frameshifted pseudogenes were identified by similarity searches and visual inspection of 
the genome. After sequence checking to confirm this was not due to sequencing error, 
CDS features from different frames were merged together to create a single pseudogene 
feature using Artemis Edit> Selected feature(s)> Merge. A /pseudo qualifier was added to 
the CDS feature and assigned colour=11 in the Feature Editor.   
 
 
 
38% 
15% 
66% 
%
G+C
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2.1.4.5 Colour and class qualifiers 
A colour code was used to broadly classify CDSs (see Chapter 3, Table 3.2). This aids the 
viewer by marking genes of related function in the same colour, and operons can be 
clearly visualized. The /colour qualifier was used to store the digits associated with each 
colour within the Feature Editor, and Artemis colours the CDS accordingly. 
 
The /class qualifier was used for functional classification of each CDS based on a very 
specific classification scheme (Appendix I), allowing text-based interrogation of the 
annotation file during the analysis. 
 
2.1.4.6 Protein domains and motifs 
Protein sequence domain and motif searches were used to increase the confidence of 
results from similarity-based inference and to suggest function for hypothetical proteins. 
Such searches take into account the modular architecture of proteins as all of the domains 
should be conserved if the sequence encodes an enzyme with the same function. The 
presence of functional domains within the protein sequence increases sensitivity because 
this takes into account only the evolutionary conserved regions of the protein (Parkhill, 
2002). 
 
The Pfam database (Finn et al., 2010) is a large collection of nearly 12,000 protein 
families that are each represented by multiple sequence alignments, which can be used to 
provide insight into protein function. Sequence features representing the conserved 
domains of predicted proteins were imported into Artemis as sequence decorations and 
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used to support or infer putative function. Pfam search results for each CDS feature were 
integrated into the HIBPF.tab and HICON.tab files. Additional protein databases, such as 
InterPro (Hunter et al., 2009), which integrates several different protein databases, were 
utilized during manual curation.  
 
InterProScan is a protein signature database that integrates predictive models representing 
protein domains, families and functional sites from multiple, diverse source databases, 
including TMHMM for transmembrane protein prediction, HMMPFAM for the Pfam 
library of conserved protein domains, PROSITE motifs, and SignalPHMM to predict 
signal peptide secretion signals. Results from these protein domain and motif searches 
were used as supporting evidence for functional annotation. 
 
2.1.4.7 Structural RNA prediction 
Transfer RNA (tRNA) sequences were predicted using tRNAscan (Lowe and Eddy, 
1997). Ribosomal RNA (rRNA) operons were identified through homology to those in 
the NTHI strain 86-028NP genome (Harrison et al., 2005). 
 
2.1.5 Phylogenetic comparisons 
Phylogenetic analyses were performed using Molecular Evolutionary Genetic Analysis 
(MEGA) 4 (Tamura et al., 2007). Sequence alignments were generated and gene trees 
constructed in order to represent evolutionary relationships between genes or proteins of 
interest. Initial trees were obtained using Neighbour-Joining (NJ), a distance method 
which considers the pair-wise distance between each sequence and chooses a topology 
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showing the smallest value of the sum of all branches as an estimate of the correct tree. 
NJ is classified as an algorithmic method because it constructs only one tree and does not 
explicitly optimize any objective function. The level of statistical support for the nodes of 
the trees was assessed by a bootstrap analysis using 1,000 replicate datasets, and only 
groups with a bootstrap value ≥60% were noted and considered supported. The bootstrap 
test of phylogeny addresses the question of whether we would expect to see clades 
separated in the estimated tree due to stochastic variation or some systematic error.  
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2.2 Bacterial strains, growth conditions and plasmids 
 
2.2.1 Bacterial strains 
A collection of 18 Brazilian Hae strains were used during this work (Table 2.2), kindly 
donated by various individuals and institutions. Strains were classified as: BPF case 
strains, isolated from cases of BPF; case-associated (CA), isolated from the conjunctiva 
of children in a setting where BPF cases were occurring; or control (C), isolated from the 
conjunctiva of children where BPF was not occurring. All experiments involving BPF 
clone isolates of Hae were carried out in a biosafety level 3 containment laboratory.  
 
Table 2.1 Bacterial strains used in this study 
A. Strains of Hae  
Strain Source Clinical setting Location Plasmid ST 
F1951 conjunctiva case-associated Promissao 1947 72 
F2029 conjunctiva case-associated Bauru 1947 74 
F2068 conjunctiva  case-associated Garca 1947 73 
F3031 Blood BPF Serrana 3031 65 
F3047 conjunctiva control Guariba none 70 
F3050 conjunctiva case-associated Serrana 3031 65 
F3093 conjunctiva control Guariba none 70 
F3098 conjunctiva control Ribeirao Preto 1947 75 
F3099 conjunctiva case-associated Serrana 3031 65 
F3118 conjunctiva control Ribeirao Preto 3056 76 
F3119 conjunctiva control Ribeirao Preto 3056 76 
F3121 conjunctiva control Ribeirao Preto 3056 76 
F3125 conjunctiva case-associated Serrana 3125 71 
F3331 conjunctiva control Egypt 3331 NA 
G1099 Blood BPF Valparaiso none 65 
G1100 Blood BPF Valparaiso none 65 
G259 CSF BPF Valparaiso none 65 
H15 Blood BPF Serrana none 65 
 
Chapter 2 
 
82 
 
B. Strains of H. influenzae 
Strain Genotype/Phenotype Source 
Rd KW20  Capsule-deficient serotype d laboratory strain Our collection 
 
C. Strains of E. coli 
E. coli strain Genotype Reference 
DH5α F- φ80lacZΔM15 Δ(lacZYA-argF)U169 deoR 
recA1 endA1 hsdR17(rk-, mk+) phoAsupE44 thi-1 
gyrA96 relA1 λ- 
(Hanahan, 1983) 
JM110 F
+
 traD36 proA+ proB+ lacIq Δ(lacZΔM150) dam 
dcm supE44 hsdR17 thi leu thr rpsL lacY galK galT 
ara tonA tsx Δ(lac-proAB) λ- 
(Yanisch-Perron et 
al., 1985) 
TOP10 F
-
 mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 
galE15 galK16 rpsL(Str
R
) endA1 λ- 
(Hanahan, 1983) 
 
2.2.2 Bacterial growth conditions 
H. influenzae strains were routinely grown on brain heart infusion (BHI) agar plates 
supplemented with 10 µg/ml NAD and 10 µg/ml hemin (sBHI) at 37ºC in 5% CO2. 
Alternatively, strains were cultured in sBHI broth at 37ºC in an orbital incubator at 180 
rpm. All experiments with BPF clone isolates of Hae were carried out in a biosafety level 
3 containment laboratory. 
 
E. coli strains were grown on Luria-Bertani (LB) agar plates at 37ºC in 5% CO2 or in LB 
broth in an orbital incubator at 200 rpm (Sambrook et al., 1982). 
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Antibiotics were used at the following concentrations: ampicillin 100 µg/ml, and 
kanamycin 50 µg/ml. 
 
2.2.3 Plasmids 
Plasmids used in this work are listed below in Table 2.2. 
Table 2.2 Plasmid names and features 
Plasmid Description Reference 
pGEM-T 3´-terminal thymidine overhang, T7 and SP6 RNA 
polymerase promoters flanking a multiple cloning 
region within the α-peptide coding region of the 
enzyme β-galactosidase, numerous restriction sites 
within the multiple cloning region. 
www.promega.com 
pGEM-T Easy 3´-terminal thymidine overhang, T7 and SP6 RNA 
polymerase promoters flanking a multiple cloning 
region within the α-peptide coding region of the 
enzyme β-galactosidase, numerous restriction sites 
within the multiple cloning region. 
www.promega.com 
 
2.2.4 Reagents and kits 
Reagents and kits used in this work are listed in Table 2.3. Solutions were sterilised by 
autoclaving at 121ºC for 15 minutes. Heat labile reagents were filter-sterilised or filtered 
using a vacuum manifold and 0.22 µM nitrocellulose filters (Millipore). 
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Table 2.3 Reagents and kits 
Reagent Source 
1 kb DNA ladder Invitrogen 
5x first strand buffer Invitrogen 
10x React buffer Invitrogen 
Agarose Sigma 
ATP Amersham Parmacia Biotech 
BHI agar Oxoid 
BigDye v3.1 Applied Biosystems 
Bovine Serum Albumin (BSA) New England Biolabs 
Digoxigenin (DIG) detection kit Roche 
DIG labelling kit Roche 
dNTPs  Invitrogen 
Fast RNA Pro Blue kit Qbiogene 
Fetal Bovine Serum Gibco 
Formaldehyde Merck 
Gram staining solutions Pro-lab diagnostics 
HotStar Taq DNA polymerase Qiagen 
LB broth/agar Oxoid 
Plasmid midi kit Qiagen 
Primers MWG Biotech 
QIAprep mini-prep kit Qiagen 
QIAquick gel extraction kit Qiagen 
QIAquick PCR purification kit Qiagen 
RNAprotect bacterial reagent Qiagen 
RNeasy kit Qiagen 
Superscript III reverse transcriptase (200U/µl) Qiagen 
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2.3 Identification of Haemophilus strains 
2.3.1 Gram stain 
Bacteria were grown overnight on sBHI plates and re-suspended in phosphate buffered 
saline (PBS – 0.01M phosphate buffer, 0.0027M potassium chloride and 0.137M sodium 
chloride, pH 7.4). The suspension was placed on a microscope slide and allowed to air-
dry. The bacteria were heat-fixed to the slide by passing through a flame. The slide was 
then flooded with crystal violet for 1 minute, acetone for 5 seconds, neutral red for 1 
minute, and then washed with water and air-dried. Slides were examined using a light 
microscope (Olympus BH2). 
  
2.4 Isolation of nucleic acids 
2.4.1 Chromosomal DNA extraction 
Haemophilus strains were grown overnight to confluence on sBHI agar plates with 
appropriate antibiotics when necessary. The bacteria were harvested from a single plate 
and chromosomal DNA was isolated using a standard phenol-chloroform method for 
maximal yield (Sambrook and Russell, 2001). On occasion the QIAmp DNA Mini Kit 
was also used according to manufacturer‟s instructions. 
 
2.4.2 Extraction of total RNA 
Total bacterial RNA was extracted using the Fast RNA Pro Blue kit. A bacterial pellet 
was re-suspended in 1 ml RNA Pro solution, the suspension added to a tube containing 
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Lysis matrix B, and cells lysed using the FastPrep Instrument. RNA samples were further 
cleaned on an RNA MiniElute column or an RNeasy column using DNase I treatment 
following manufacturer‟s instructions. 
 
2.4.3 Purification of plasmid DNA from E. coli 
Plasmid DNA was purified from E. coli host cells using the QIAprep Miniprep kit 
according to manufacturer‟s instructions. The protocol is based on a modified alkaline 
lysis technique, followed by binding of plasmid DNA to a Qiagen anion-exchange resin 
under appropriate conditions. 
 
2.4.4 Quantification of nucleic acid concentration 
Nucleic acid concentrations were quantified by checking the absorbance at 260 nm using 
the NanoDrop 1000 device (NanoDrop Technologies, Wilmington, DE). DNA or RNA 
purity was determined by A260/A280, which should be 1.8 and 2.0 for pure DNA and RNA 
samples respectively. 
 
2.5 Polymerase Chain Reaction (PCR) and DNA 
sequencing 
2.5.1 PCR 
PCR was carried out using HotStar Taq DNA Polymerase, which requires an activation 
of 15 minutes at 95
ο
C. Reaction mixtures were carried out in a final volume of 50µl 
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(Table 2.3). If necessary, 10% DMSO was added to reactions to increase the stringency 
of primer binding. The master mix was dispensed into PCR tubes each containing the 
appropriate concentration of template DNA (~100 ng/reaction). PCR amplification of 
DNA was carried out in a DNA Engine thermal cycler (BioRad), programmed as follows. 
Initial heat activation of Taq polymerase at 95
 ο
C for 15 min; followed by 30 cycles of: 
denaturation at 94
ο
C for 1 min; annealing at 50-68
ο
C (approximately 5
ο
C below Tm of 
primers) for 1 min; and extension at 72
ο
C for 2 min. For PCR product longer than 1 kb, 
extension time of approximately 1 min per kb DNA was used.  The final cycle consisted 
of a final extension at 72
ο
C for 10 min. For maximal yield and specificity, temperatures 
and cycling times were optimised for each new primer pair or template target. 
Table 2.3 PCR reaction mixtures 
Component Volume Final Concentration 
Master Mix 
10x Reaction Buffer (containing 
1.5 mM MgCl2) 
5 µl 1x 
dNTP mix (10mM of each) 2 µl 200 µM of each dNTP 
Forward Primer Variable 15 pmol 
Reverse Primer Variable 15 pmol 
HotStar Taq DNA Polymerase 0.5 µl 2.5 units per reaction 
Distilled water Variable  
Template DNA 
Template DNA Variable ~100 ng per reaction 
Total volume 50µl  
 
Primers used in the PCR reactions (Table 2.4) were designed based on genomic sequence 
analysis viewed in Artemis and synthesised by MWG-Biotech. Those used for the 
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amplification of genomic regions for sequencing were designed to lie approximately 100-
200 bp outside the CDS.  
Table 2.4 Primers used in PCR reactions 
Primer ID 5’ to 3’ Sequence 
TA1_f GGAATAGGGCGCGAATTTTA 
TAB1_r TCCATTAGCCCAAAGATCTGA 
TAC1_r GCTCATAATCCGCATATCAACA 
TA2_f CACACAAGCTGCAAAAGCAT 
TA2_r TCTTGATTTTCGCCCTCAAG 
TA3_f AAGCCGTTCGTTTACCTGTG 
TA3_r GTAAATACCCGTTCGGCTCA 
TA4_f TAAATCCCAATCTCCGTTGG 
TA4_r CAACTGGTACGCAAATGGTG 
TA5_f AGGCAGAAAAAGCACCTGAA 
TA5_r CGAACCATTGTGACCAGTTG 
TA6_f ATCCGCAAAGATCAGCAATC 
TA6_r GCCCCCAATTTAACCTCAAT 
TA7_f CAAGTGGTCGCATCACAATC 
TA7_r TGCAAGAGAGGAAAGGGAAA 
TA8_f ATAAAAATGCCCAAGCGATG 
TA8_r TTGTCGGTTTCTGCTTGTTG 
HadA_f TCTGCTTGAGGCAAATTTTACA 
HadA_r GTAACGAGTGTGCGAAACGA 
TA1_3f GTCCAGAAGCAACAGCCAAT 
TA1_4r CAGAATTTGCACCAGAAGCA 
M13_f GTTTTCCCAGTCACGAC 
M13_r CAGGAAACAGCTATGAC 
BPF1NmF1 TCGAATTCGAGAAACTAACAAAACATATTGCCAAAC 
KAN_R AGCTTTCCTTCCAGCCATAGC 
Bpf001L_f GCTTGAGGTTCGACAAAAGG 
Bpf001L_r GCCGAGTTCTGTAGGCTCTG 
Bpf001S_f GATAGCCACTGCCTTCAAGC 
Bpf001S_r GGAATGGAAGGGCCATAAAT 
 
2.5.2 Expand Long Template PCR System 
Expand Long Template PCR System (Roche) is an enzyme mix that contains 
thermostable Taq DNA polymerase and Tgo DNA polymerase, a thermostable DNA 
polymerase with proofreading activity. A 50 µl PCR reaction mix consisted of: 350 µm 
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of each dNTP, 300 nm of each primer, 5 µl of 10x PCR buffer with MgCl2, 0.75 µl 
enzyme mix, 1.75 mM (<500 µg) template DNA, and distilled water up to 50 µl. 
 
Thermal cycling and PCR amplification was carried out as follows: initial denaturation 
for 2 min at 94°C; followed by 10 cycles of: 10 sec denaturation at 94°C, 30 sec primer 
annealing at 55°C, and 1 min per 1 kb elongation at 68°C; followed by 25 cycles of: 15 
sec denaturation at 94°C, 30 sec primer annealing at 55°C, and 1 min per 1 kb + 20 
sec/cycle elongation at 68°C; followed by a final 7 min elongation at 68°C. 
 
2.5.2.1 A-tailing procedure 
Blunt-ended DNA fragments generated using thermostable DNA polymerases were 
modified prior to ligating into plasmid vectors using an A-tailing method. PCR products 
were purified using the PCR clean-up kit (Qiagen) and 1-7 µl of purified PCR fragment 
was combined with 1 µl Taq DNA polymerase Reaction 10x Buffer with MgCl2, dATP to 
a final concentration of 0.2 mM, 5 units of Taq DNA polymerase, and nuclease-free 
water to a final volume of 10 µl. The reaction was incubated at 70°C for 30 min and 1-2 
µl was used for ligation reactions. 
 
2.5.3 Colony PCR 
Colony PCR was carried out by colony selection and suspension in 50 µl distilled water, 
followed by cell lysis by heating the suspension to 100
ο
C for 10 min in a thermocycler. 
10 µl of suspension was used as template DNA in the PCR reaction. 
 
Chapter 2 
 
90 
 
2.5.4 Precipitation of amplified PCR products 
PCR products were cleaned by polyethylene glycol (PEG) precipitation. PCR products 
were mixed with 20% PEG/2.5 M NaCl solution (final concentration of 10.9% PEG and 
1.37 M NaCl), and incubated at room temperature for 30 min. Products were pelleted by 
centrifugation at 2750 g for 1 hr at 4
ο
C, and the pellets then cleaned with 70% ethanol. 
Residual ethanol was removed by an inverse spin at 500 g for 1 min, then the products 
were re-dissolved in molecular biology grade water. 
 
2.5.5 DNA sequencing 
Small-scale sequencing was performed on an ABI3730XL sequencer (Genomics Core 
Laboratory, MRC Clinical Sciences Centre, Hammersmith Hospital, London). PCR 
products were cleaned by polyethylene glycol (PEG) precipitation. PCR products were 
mixed with 20% PEG/2.5 M NaCl. The mixture was incubated for 30 min at room 
temperature followed by centrifugation at 2750 g for 1 hr (4
ο
C). Pelleted products were 
further cleaned with 70% Ethanol, and remaining Ethanol removed by an inverse spin at 
500 g. PCR products were re-dissolved in molecular biology grade water. 
 
2.6 Gel Electrophoresis 
Agarose gel electrophoresis, in buffer consisting of 1x TAE (0.04 M Tris acetate, 0.001 
M EDTA, pH 8.0) and 0.5 µg/ml ethidium bromide (EtBr), was used to separate nucleic 
acids by size-fractionation. Samples were mixed with 0.17 volumes of 6x loading dye, 
loaded into wells within the gel, and electrophoresed at approximately 90-120 volts for 
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20-60 min, depending on fragment size. Fragments were visualised by fluorescence of the 
EtBr under UV transillumination. Images were recorded using instant Polaroid black and 
white film.  
 
2.6.1 Purification of DNA from agarose gels 
DNA fragments were visualised by fluorescence of EtBr under UV transillumination and 
excised from the gel using a clean scalpel blade. Purification of DNA from the agarose 
using QIAquick gel extraction kit according to the manufacturer‟s instructions.   
 
2.7 Enzyme modification of DNA 
2.7.1 Restriction endonucleases 
DNA was cut using chosen restriction enzymes following manufacturer‟s instructions 
(Roche, UK). Generally, appropriate concentrations of buffer and enzyme were added 
and reactions incubated for 4 hours at 37
ο
C or overnight. Products were analysed by 
agarose gel electrophoresis and visualised by fluorescence of EtBr under UV 
transillumination. 
 
2.7.2 DNA ligation 
Ligation reactions (of 10 µl) were performed in 0.5 ml centrifuge tubes and incubated 
overnight at 16
 ο
C. Ligation reactions consisted of DNA and 0.5 µl T4 DNA ligase 
(Promega 3 U/µl), Promega ligase buffer (final concentration 50 mM Tris-HCl, pH 7.8), 
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10 mM MgCl2, 10 mM dithiothreitol (STT), 10 mM ATP, 25 µg/ml BSA, and distilled 
water to a final volume of 10 µl. The ratio of molar concentration of insert to vector was 
typically 3:1. 
 
2.8 Southern Blotting 
2.8.1 Gel 
DNA was digested by a chosen restriction endonuclease and the resulting fragments 
separated by agarose gel electrophoresis on a 0.8% agarose gel. The gel was washed for 
10 min in depurinating solution (0.25 M HCl), followed by two washes of 15 min in 
denaturing solution (1.5 M NaCl, 1 mM EDTA) and neutralizing solution (0.5 M Tris pH 
7.2-7.5, 1.5 M NaCl, 1 mM EDTA), in turn. The gel was then placed on a clean glass 
plate and covered with a layer of nitrocellulose membrane, cut to fit the size of the gel. 
Three pieces of 3MM filter paper soaked in neutralization solution were placed on top of 
the membrane, followed by a stack of paper towels (30-50 mm), and finally another glass 
plate. The stack was compressed by placing a 2 litre bottle filled with water on top, and 
left to transfer for 60-90 min. The DNA was fixed to the membrane using an ultraviolet 
cross-linker (Stratagene UV Stratalinker 2400). 
 
2.8.2 Probe labelling 
Digoxygenin (DIG) labeled DNA probes were generated according to the method of 
random primed labeling, based on the hybridization of random oligonucleotides to the 
denatured template (Roche, UK). The complementary DNA strand is synthesized by 
Chapter 2 
 
93 
 
Klenow enyme, which uses the 3‟OH termini of the random oligonucleotides as primers 
and a mixture of deoxyribonucleotides containing DIG-11-dUTP alkali-labile for 
elongation, which results in the incorporation of digoxigenin into the newly synthesized 
DNA. 
 
2.8.3 Hybridisation and detection  
Southern hybridization and detection of DIG-labelled DNA was carried out following 
manufacturer‟s instructions (Roche). The nitrocellulose membrane was treated with 
blocking reagent to prevent non-specific binding of the DNA probe to the membrane. 
Hybridization bands were detected by chemiluminescence after addition of a 
chemiluminescent substrate (CPD-Star), exposed to X-ray film and visualised. 
 
2.9 Transformation of E. coli strains 
2.9.1 Transformation of chemically competent E. coli strains 
Chemically competent E. coli cells were removed from storage at -80
ο
C and thawed on 
ice. Transforming DNA (50 ng – 1 µg) was added to 50 µl aliquots of E. coli cells, mixed 
by gently flicking the tube, and incubated on ice for 30 min. The cells were then exposed 
to heat shock by placing them in a water bath at 42
ο
C for 45 sec, returned to ice for 2 
min, then added to 1 ml SOC medium (0.5% yeast extract, 2% tryptone, 10 mM NaCl, 
2.5 mM KCl, 10 mM MgCl2, 20 mM MgSO4, 20 mM glucose) and incubated for 1 hr at 
37
ο
C in an orbital incubator at 180 rpm. The culture was then pelleted by centrifugation 
at 6,800 g for 3 min and plated on agar plates with an appropriate concentration of 
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antibiotic for selection. Plates were incubated overnight at 37
ο
C and single colonies 
picked for evaluation by plasmid extraction and PCR and/or restriction digest mapping 
for confirmation. 
 
2.9.2 Electroporation of E. coli strains 
Electorcompetent E. coli cells were prepared from a culture of exponentially growing E. 
coli DH5α cells (to and OD600 of 0.6-1.0) in LB medium at 37°C with vigorous shaking. 
Cell cultures were rapidly chilled by transferring flasks onto ice for 30 mins. Cultures 
were transferred to centrifuge tubes and centrifuged at 1000g (2500 rpm) for 15 minutes 
at 4°C. The supernatant was removed and the cells re-suspended in 1 ml ice-cold 
sterilised water, and then centrifuged at 1000g for 10 minutes at 4°C. The cells were 
washed a total of 5 times with ice-cold sterilised water, and in the remaining 3 washes the 
volume of water was halved for each wash, until the final wash when the minimum 
volume needed to use all cells (50 µl/reaction) was added. 
 
Transforming DNA (0.1-1 µg) was added to 50 µl of electrocompetent E. coli cells and 
incubated on ice for 5 min. The mixture was transferred to chilled 2 mm electroporation 
cuvettes and pulsed at 2.5 kV, 200 Ω, and 25 µF. Immediately after pulsing, cells were 
recovered by flushing the cuvette with 1 ml SOC medium and incubated at 37
ο
C for 1 
hour, diluted appropriately and plated onto LB plates containing the appropriate selective 
marker and overnight. 
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2.10 Transformation of Haemophilus strains 
2.10.1 Transformation by starvation using M-IV media 
Fresh M-IV medium was prepared prior to each use from the stock solutions listed in 
Table 2.5. To 50 ml of solution 21, 0.5 ml each of solutions 22, 23, 24 and 40 were 
added. 10ml of M-IV was placed in a 250 ml flask at room temperature for 
transformation. 
 
2.10.1.1 Preparation of competent Hae 
Competent Hae cells were prepared based a protocol based on the standard for 
transformation of H. influenzae (Poje and Redfield, 2003). A 35 ml culture of Hae cells 
in sBHI broth were grown to exponential phase to an OD600 of 0.2-0.25 in a 500 ml flask. 
10 ml culture was removed and gently filtered by vacuum filtration using 0.2 µ pore size 
sterile filter funnel, followed by wash filtration with 10 ml M-IV. Using sterile forceps, 
the filter was removed from the apparatus and placed in a flask of M-IV medium to re-
suspend the cells from the filter. The culture was incubated at 37°C with shaking at 100 
rpm for 100 minutes to achieve maximum level of competence. Cells were either used 
within 1 hr, or 4 ml culture frozen in 1 ml 80% glycerol and stored in aliquots of 1 ml at -
80°C. 
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Table 2.5 Composition of M-IV medium (Poje and Redfield, 2003). 
M-IV component Concentration Notes 
Solution 21 
Adjust pH to 7.4 with 4N NaOH. Add 
distilled water to 100 ml per bottle, 
autoclave. 
L-Aspartic acid 4.0 g 
L-Glutamic acid 0.2 g 
Fumaric acid 1.0 g 
NaCl 4.7 g 
K2HPO4 0.87 g 
KH2PO4 0.67 g 
Tween 80 0.2 ml 
Distilled water 850 ml 
Solution 22 
L-Cystine 0.04 g Dissolve in 10 ml of 1N HCL at 37°C. Bring 
to 100 ml with distilled water prior to adding 
remaining components. 
L-Tyrosine 0.1 g 
L-Citrulline 0.06 g 
Filter sterilise. 
L-Phenylalanine 0.2 g 
L-Serine 0.3 g 
L-Alanine 0.2 g 
Solution 23 
CaCl2 0.1 M solution Autoclave. 
Solution 24 
MgSO4 0.1 M solution Autoclave. 
Solution 40 
5% vitamin-free casamino acids in 
distilled water. 
Autoclave. 
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2.10.1.2 Transformation 
To 1 ml competent Hae cells, 1 µg DNA, or smaller amounts of cloned DNA or PCR 
product, were added, mixed gently, and incubated at 37°C for 15 min. 100 µl of 10
-5
 and 
10
-6
 dilutions were plated without antibiotic, and 100 µl 10
-2
, 10
-3
 and 10
-4
 dilutions on 
antibiotic plates. Plate dilutions were modified according to transformation efficiencies of 
different strains. Controls were transformed with 1 µg MAP7 DNA and selected for 
resistance to the same antibiotic. Plates were incubated for 16-24 hr at 37°C. 
 
Transformation frequencies were calculated by dividing the number of transformants per 
ml (calculated by counting the number of colonies on the selective plates) by the total 
number of cells per ml (calculated by the number of colonies from non-selective plates).  
 
2.10.2 Plate transformation of Hae strains 
Transformations were performed on agar plates based on a methodology developed for H. 
parasuis (Bigas et al., 2005). Recipient bacteria were grown overnight on sBHI plates 
incubated at 37°C and resuspended in TYE broth (O'Reilly and Niven, 1986) to an OD600 
of 2. TYE broth consists of 2% tryptone, 0.5% yeast extract, 100 mM NaCl, 10 mM KCI, 
10 mM Na2HPO4, 10 mM glucose, and KOH to pH 7.4. NAD was then added to media 
to a final concentration of 5 µM.  
 
The suspension was diluted 1/10 and 20 µl aliquots were spotted on to pre-warmed sBHI 
plates and spread to a diameter of approximately 10 mm. To each plate, 20 µl 8 mM 
cAMP and 1-5 µg 10 µl donor DNA, resuspended in TE buffer, were added and mixed 
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with the bacterial cells using a loop. Plates were incubated at 37°C for 24 hrs, and then 
cells were harvested and resuspended in 300 µl TMB broth and plated on to selective 
plates containing appropriate concentration of antibiotics, in this case 50 µg/ml 
kanamycin. Plates were incubated at 37°C for 48 hrs. Serial dilutions of cells were plated 
with and without antibiotic to determine the transformation frequency (Section 2.10.1.2). 
A negative control using 10 µl TE buffer instead of donor DNA added to the bacterial 
spot was included in each experiment. 
 
2.10.3 Electroporation of Hae strains 
Hae cells were made competent for electroporation Hae cells were grown in sBHI to 
exponential phase (to an OD600 of ~0.28). The cells were chilled on ice for 30 mins then 
transferred to ice-chilled centrifuge tubes and harvested by centrifugation at 1000g for 10 
mins. Cells were washed 5 times with ice-cold sterilised water, and in the remaining 3 
washes the volume of water was halved for each wash until the final wash when the 
minimum volume needed to use all cells (50 µl/reaction) was added. Transforming DNA 
(0.1-1 µg) was added to 50 µl cell suspension and transferred into chilled electroporation 
cuvettes. The mixture was transferred to chilled 2 mm electroporation cuvettes and pulsed 
at 2.5 kV, 200 Ω, and 25 µF. Immediately after pulsing, cells were recovered by flushing 
the cuvette with 1 ml pre-warmed sBHI medium and incubated at 37
ο
C for 1 hour. Cells 
were then appropriately diluted and plated on sBHI agar containing the selective 
antibiotic and incubated at 37
ο
C, 5% CO2 overnight. 
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2.11 In vitro models of pathogenesis 
2.11.1 Aggregation assay 
Strains of E. coli DH5α were grown overnight at 37°C on LB plates supplemented with 
ampicillin, and then resuspended to an OD600 of 0.5 in 3 ml LB medium in universal 
tubes. Bacterial cell suspensions were incubated in a shaking incubator for 3 hours to 
reach exponential phase, then transferred to standing incubation. 100 µl samples were 
taken every 30 minutes for 3 hours, diluted into 900 µl LB medium and the OD600 
recorded at each time point. 
 
2.11.2 Culture of Chang epithelial cell line 
Chang epithelial cells – a human conjunctival epithelial cell line – were supplied by the 
European Collection of Cell Cultures (ECACC). It has emerged in recent years that this 
cell line (Clone 1-5c-4) was contaminated at source with Hela cells derived from cervical 
adenocarcinoma (Capes-Davis, 2009). Nevertheless, Chang cells have been used widely 
as stable cell line in many other upper respiratory tract bacterial host cell interaction 
studies, including with Hae (Serruto et al., 2009b). Chang epithelial cells were cultured in 
T75 flasks in DMEM with 10% FBS. When cells were confluent the DMEM was 
removed from the flask and replaced with 6 ml TY (Trypsin-EDTA diluted to 0.125% 
trypsin) and incubated for 10 minutes at 37°C. Following this, 5 ml DMEM was added to 
the flask and cells were displaced by flushing the media over the cells with a pipette. Cell 
suspension was transferred to a falcon tube and spun at 1500 rpm for 10 minutes. The 
supernatant was discarded and the pellet resuspended in 5 ml DMEM. Additional media 
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was added in accordance with the number of strains and assays needed. Replicates of 3 
wells for each strain were set up in 24-well plates, each well containing 1 ml cell 
suspension. Plates were incubated overnight at 37°C. The following day, prior to the 
experiment, the plates were checked for contamination under the microscope and washed 
once with DMEM. 
 
2.11.3 Adherence and invasion assay 
Bacteria were grown overnight on agar plates at 37°C and resuspended in 3 ml DMEM, 
which was diluted 1/10 to measure OD600. Bacterial load was calculated so that 100 µl, 
containing 10
7
 bacteria (OD600=0.1) was added to each well, and plates were incubated at 
37°C for 4 hours. To calculate the total number of colony forming units (cfu), 100 µl 
samples were taken from each well and serial dilutions set up to plate 10
-3
 and 10
-4
 in 
triplicate for each strain. 
 
To measure adherence, non-adherent bacteria were removed by washing the wells 3 times 
with DMEM, followed by addition of 1 ml 1% saponin in DMEM to each well, and 
incubated at 37°C for 10 minutes to release the cells. Serial dilutions to 10
-2
 and 10
-3
 were 
carried out in triplicate for each 100 µl sample, and 100 µl plated on to LB plates. Cells 
were spread over plates using glass beads, prior to overnight incubation at 37°C. 
Bacterial adhesion and invasion was quantified by counting cfu. 
 
To determine the number of intracellular bacteria in infected Chang cell monolayers, a 
gentamicin invasion assay was used. This followed the same procedure as for the 
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adherence assay, except that after the third wash with DMEM, gentamicin was added at 
150 µg per well, and the plates incubated at 37°C for 1 hour to kill any extracellular 
bacteria. The wells were then washed 3 times again using DMEM, 1 ml 1% saponin was 
added to each well, and the plates incubated at 37°C again for 10 minutes. Serial dilutions 
to 10
-1
 and 10
-2
 were carried out in triplicate for each 100 µl sample, and 100 µl of each 
was plated on to LB plates and incubated at 37°C overnight. Bacterial invasion was 
quantified by counting cfu. 
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Chapter 3 
 
The complete genome sequence of the BPF 
clone of Haemophilus influenzae biogroup 
Aegyptius strain F3031  
 
In this chapter the complete genome sequence of the BPF case strain F3031 is described. 
This is the first whole genome sequence of a strain of Haemophilus influenzae biogroup 
Aegyptius (Hae). Following shotgun-sequencing and finishing of the genome sequence 
with the Pathogen Sequencing Unit (PSU) at the Wellcome Trust Sanger Institute 
(WTSI), the genome was annotated through manual curation. Genome-wide comparisons 
were made to Haemophilus influenzae strain Rd and an otitis media isolate of non-typable 
Haemophilus influenzae (NTHI), strain 86-028NP. These two strains were the only 
complete and thoroughly annotated genomes of H. influenzae available at the time of 
sequencing and provided valuable references to investigate Hae genome content and 
organisation. Manual curation of the BPF clone strain F3031 genome identified all genes 
encoded within the genome and allowed function to be inferred individually based on 
homology to genes present in the public databases. 
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3.1 Introduction 
 
3.1.1 Genome annotation 
Genome annotation is the process of identifying the locations of all genes and coding 
regions in a genome, and predicting their function. Annotation of a genome also includes 
identifying prophages, insertion sequences and transposons, frameshifts and pseudogenes, 
and characterising regulatory sites. Putative functional assignment is based primarily on 
sequence similarity by pair-wise comparisons against public databases of gene function 
(Peterson et al., 2001). As a result, consistent nomenclature is extremely important for 
communication, literature searching, and entry retrieval, yet there is no established 
criterion for standardised gene and protein naming (http://www.expasy.org/cgi-
bin/lists?nameprot.txt). Transitive annotation occurs when a protein is annotated based on 
a match to an uncharacterized protein, that was itself annotated based on a match to yet 
another uncharacterized protein, and so on. The major drawback of transitive annotation 
is that errors from misassigned functions propagate through the databases. Improvement 
of annotations comes from manual curation of each entry and includes employing 
additional sequence-based strategies for functional prediction, such as protein motif and 
domain searching. Ultimately, empirical studies of gene function allow known functions 
to be ascribed to the gene. In the end the quality of annotations determines their utility, 
emphasizing the importance of manual curation in annotating genomes (Overbeek et al., 
2007). 
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In an attempt to standardise genome annotations so that more meaningful comparisons 
can be made, the NCBI have outlined guidelines for bacterial genome submission to 
Genbank – the Bacterial Genome Submission Guide 
(http://www.ncbi.nlm.nih.gov/Genbank/genomesubmit.html). Complete genome 
submissions are required to be annotated, and can be corrected and updated as more 
becomes known about the organism‟s biology. Administrators of UniProt are involved in 
ongoing standardization of protein nomenclature through both manual and automated 
annotation pipelines, including all existing UniProtKB/Swiss-Prot proteins. These protein 
naming guidelines were used in the genome annotations discussed here. Consistent 
annotation of each coding sequence (CDS) within the genome comprised at least 4 
qualifiers:  
1. Systematic_id – CDS identification number 
2. Product (protein) name 
3. Class – based on functional classification 
4. Colour – based on functional classification 
If a CDS demonstrated an identical or highly significant match to a known orthologue in 
the databases then gene name was also included under the qualifier „gene‟. 
 
3.1.2 CDS versus ORF 
Throughout this work, genes predicted to encode proteins are referred to as Coding 
Sequences (CDSs) rather than Open Reading Frames (ORFs). ORFs are defined as 
sequences that begin with a start codon and end in a stop codon, independently of their 
length and overlapping, whereas a CDS is a region of DNA or RNA whose sequence 
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determines the sequence of amino acids in a protein. It is generally accepted that ORFs 
<150 bases are non-coding, and that only one ORF of an overlapping pair encodes a 
protein, the shorter ORF being non-coding (Kowalczuk et al., 1999). As such, predicting 
CDSs is more informative than ORFs. 
 
3.1.3 Homologues, orthologues and paralogues 
Homologues are genes or proteins that are related to each other by common ancestry, 
which can be observed from sequence similarity. Homologues may result by either 
speciation from a common ancestral gene (orthologues) or a gene duplication event 
(paralogues). Orthologues usually retain the same function as their ancestral genes in the 
course of evolution, and their identification is important for reliable prediction of gene 
function in newly sequenced genomes, whereas paralogues tend to evolve new functions. 
 
3.2 Results 
 
3.2.1 Overview of the BPF clone strain F3031 genome sequence  
The genome sequence of the BPF clone strain F3031 is a circular chromosome of 
1,985,832 base pairs (bp) in length which has an average G+C content of 38.2% (Table 
3.1). Strain F3031 harbours in addition a plasmid of 32,433 bp, the genetic organisation 
of which has been previously characterised (Kroll et al., 2002). This ~24 MDa „F3031‟ 
plasmid appears to be a typical broad host range conjugative plasmid, present in most, but 
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not all, BPF clone strains and also present in non-BPF clone isolates. The F3031 genome 
is about 4% larger than that of NTHI strain 86-028NP (1,913,428) and 8% larger than H. 
influenzae strain Rd KW20 (1,830,137) (Harrison et al., 2005). The F3031 genome 
encodes a correspondingly greater number of genes, 1834 in total, and has a coding 
density of 85%, closely comparable with H. influenzae strain Rd KW20 (84%) and NTHI 
strain 86-028NP (86%). Overall, the genome composition of strain F3031 is very similar 
to these two other H. influenzae strains (Table 3.1). 
 
Table 3.1 General genome features of the BPF clone strain F3031, H. influenzae strain Rd KW20, and 
NTHI strain 86-028NP. Data for H. influenzae Rd KW20 and NTHI 86-028NP obtained from 
http://www.ncbi.nlm.nih.gov/sites/entrez. 
Feature Hae 
F3031 
H. influenzae 
Rd KW20 
NTHI 
86-028NP 
Chromosome size (bp) 1,985,832 1,830,138 1,914,490 
G+C (%) 38.22 38.14 38.2 
No. of CDS 1834 1657 1792 
Coding density 85% 84% 86% 
Pseudogenes 29 7 30 
rRNA operons 6 6 6 
tRNA operons 58 58 58 
Plasmid yes no no 
 
The genome sequence was visualised using the free genome viewer and annotation tool 
Artemis (Rutherford et al., 2000), and all putative CDSs greater than 100 bases in length 
were identified based on the presence of a start codon and a stop codon. Two main 
sequence similarity searches were used to investigate CDS homology and function. 
Firstly, a FASTA protein similarity search was run to identify gene homologues in the 
public databases, followed by a Pfam protein domain search, which was run to identify 
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conserved domains and motifs present within individual proteins and provide insight into 
their functions. 
 
Twenty-nine of the 1834 CDS features present in the genome were disrupted or 
fragmented and ascribed as pseudogenes, a greater number than in H. influenzae strain Rd 
(Fleischmann et al., 1995; Harrison et al., 2005). CDSs were classified based on amino 
acid homology to known and putative proteins present in public databases, and assigned 
one of 13 (0 – 12) colours and one of 178 classes (Appendix I) based on their function 
(Table 3.2; Figure 3.2).  
 
Table 3.2 CDS colour assignment based on putative function. 
Number Colour Colour function Description 
0 White Adaptation Adaptation, pathogenicity 
1 Grey Energy metabolism Glycolysis, electron transport 
2 Red Information transfer Transcription, translation, DNA/RNA 
modification 
3 Dark green Surface Inner membrane, outer membrane, 
surface structures (e.g. LPS) 
4 Green Stable RNA Ribosomal proteins - synthesis and 
modification 
5 Blue Macromolecule 
degradation 
Degradation of DNA, RNA, 
polysaccharides, proteins, peptides, 
glycoproteins 
6 Pink Degradation of 
small molecules 
Amines, amino acids, carbon 
compounds, fatty acids, and other 
7 Yellow Metabolism Central, intermediary, miscelaneous 
metabolism 
8 Pale green Unknown Not classified, cryptic genes 
9 Pale blue Regulation Two component system, sensor 
kinase, response regulator 
10 Orange Conserved 
hypothetical 
Conserved in other species but 
unknown function 
11 Brown Pseudogenes Partial genes, fragments and gene 
remnants 
12 Pale pink Extrachromosomal Mobile genetic elements, phage, 
plasmid, insertion elements 
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A significant match was determined by the E-score, the probability that an alignment 
score as good as the one found would be observed between two random and unrelated 
sequences in a search of a database of the same size, and a conservative cut-off range 
0.01 – 0.05 was used (Pearson, 1996). In this way each CDS feature was assigned with a 
functional classification number and colour, a systematic_id, and a predicted product. If 
the similarity search gave an identical or highly significant match to an orthologue in 
another genome then a gene name was also included. All of these qualifiers could be 
updated using the Artemis Feature Editor for each CDS (Figure 3.1). 
 
 
Figure 3.1 Artemis Feature Edit window showing the relevant qualifiers for the licA gene. Qualifiers 
include the 4 essential annotation keys (systematic_id, product, class, and colour) and additional 
information based on the FASTA results. Generation of systematic_id numbers is described in Section 
2.1.3.1. All entries could be updated manually 
 
The single largest group (402 genes, 22%) of all CDS features encoded hypothetical 
proteins conserved in other organisms, suggesting that a number of novel biochemical 
pathways remain to be identified. Following this, 17% were found to be involved in each 
of metabolism, information transfer, and putative surface structures (Figure 3.2). 
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Approximately 6% (106 genes) encoded proteins that are speculated to play a role in 
host-pathogen interactions (labelled Pathogenicity). These results are in keeping with 
other bacterial whole-genome studies, although earlier studies have recorded that 
conserved hypothetical proteins make up approximately half of all genes in a given 
genome. The proportion of totally unknown proteins, with no known homologues, is 
again much lower than previously described, 1.5% (28 CDSs) in strain F3031, compared 
with previous estimates of 25%. These observations are unsurprising and reflect the ever-
increasing amount of genomic data available in the public databases, and likely to result 
from transitive annotation of CDSs with homology to those present in the databases. 
Despite approaching an asymptote, the continual identification of unknown CDS features 
emphasizes the remarkable diversity between bacteria. 
 
 
Figure 3.2 Proportion of strain F3031 CDSs belonging to the 12 functional groups outlined in Table 3.2, 
excluding structural RNA genes. 
 
Adaptation
Energy metabolism
Information transfer 
Surface
Macromolecule dagradation
Degradation of small molecules
Metabolism
Unknown
Regulation
Conserved hypothetical
Pseudogenes
Extrachromosomal
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The complete closed circle of the BPF genome is depicted in Figure 3.3, with the inner 
tracks representing different features of interest and their organisation throughout the 
circular genome. Moving from the outside of the circle inwards, the first two tracks 
represent forward and reverse CDS features in their colour function. The next three tracks 
each represent a single type of feature taken from the complete annotation, which include 
pseudogenes (brown); simple sequence repeat (SSR) regions (blue), RNA genes (green), 
and foreign loci (green features interspersed between the blue). The inner graphs depict 
the G+C content and finally the G+C skew (G-C)/(G+C), which identifies regions of 
foreign DNA, through their unusual composition and inferred more recent acquisition 
into the genome. 
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Figure 3.3 Circular representation of the BPF clone strain F3031 genome. The scale is shown in bp in the 
outer black circle. Moving in towards the centre the first two tracks represent the forward and reverse 
strand CDSs respectively, with colours representing the functional classification. (Red) information 
pathways; (pale blue) regulation; (orange) conserved hypothetical protein; (pale green) hypothetical protein 
of unknown function; (dark green) cell wall and cell processes; (yellow) intermediate metabolism; (grey) 
energy metabolism; and (pink) phage and insertion elements. The following track consists of all annotated 
pseudogenes (brown), followed by SSR regions (blue), and tRNA genes (green). The 6
th
 track marks all 
foreign loci (bright green). The two inner tracks depict the G+C content and finally the G+C skew (G-
C)/(G+C).  
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3.2.1.1 Structural RNAs 
Hae strain F3031 has six ribosomal operons, identified based on 16S, 23S, and 5S rRNA 
similarity with NTHI strain 86-028NP and H. influenzae strain Rd. rRNA regions are 
highly conserved in bacterial genomes, and provide opportunities for recombination that 
can result in inversions, deletions, duplications and transpositions, due to the presence of 
multiple regions of extensive sequence similarity (Hashimoto et al., 2003). Comparison 
of the rRNA loci in strain F3031 to NTHI strain 86-028NP revealed recombination at 
these sites. In each case, the flanking region upstream of the rRNA operon was identical 
in the two strains, but the downstream regions appeared to have swapped between the 
different operons (Table 3.3). The first comprehensive typing system for Hae used rRNA 
gene restriction patterns in an attempt to differentiate between BPF isolates from other 
Hae strains associated with conjunctivitis (Irino et al., 1988). The rRNA restriction 
patterns of 92 BPF case and conjunctivitis isolates were studied and 15 rRNA patterns 
were described, however all BPF case isolates were predominantly ribotype 3. 
Recombination between rRNA operons is an important mediator of bacterial variation 
and the emergence of pathogenic strains, and has been shown to be associated with 
variation in pandemic clones of Vibrio cholerae (Lan and Reeves, 1998). 
 
Fifty-eight tRNA genes representing the 20 common amino acids were identified in the 
strain F3031 genome using tRNAscan-SE v1.2.1. This is identical to the number of tRNA 
genes present in H. influenzae strain Rd KW20 and NTHI strain 86-028NP.  
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Table 3.3 rRNA operons in strain F3031 and comparison to loci in NTHI strain 86-028NP. 
rRNA 
operon 
Position 
F3031 
Adjacent features  
Hae F3031 5’/3’ 
Adjacent features  
NTHI 86-028NP 5’/3’ 
1 156571 HemR Ton-B dependent heme 
receptor/BirA bifunctional protein 
HemR Ton-B dependant heme 
receptor/SAM-dependent 
methyltransferase 
2 382620 SAM-dependent 
methyltransferase/ MetR HTH-
type transcriptional regulator 
Predicted uracil-DNA glycosylase/ 
BirA bifunctional protein 
3 1531375 Sxy DNA transformation protein 
TfoX/PsiE predicted phosphate 
starvation inducible protein 
Sxy DNA transformation protein 
TfoX/Def peptide deformylase  
4 1582919 TrkH Trk system potassium 
uptake protein/Def peptide 
deformylase 
TrkH Trk system potassium 
uptake protein/PsiE predicted 
phosphate starvation inducible 
protein 
5 1498283 D,D-heptose 1,7-bisphosphate 
phosphatase/Conserved 
hypothetical protein 
D,D-heptose 1,7-bisphosphate 
phosphatase/Conserved 
hypothetical protein 
6 1972176 L-lactate dehydrogenase/ 
Predicted uracil-DNA glycosylase 
L-lactate dehydrogenase/MetR 
HTH-type transcriptional regulator 
 
3.2.1.2 Pseudogenes 
Pseudogenes form an integral part of the dynamic bacterial genome. Genes with little 
contribution to fitness are more susceptible to inactivation by mutational disruption and 
deletion through natural selection (Ochman et al., 2000). Identifying pseudogenes within 
bacterial genomes may give clues on the selective pressures that have been acting on the 
genome, often as a result of changes in ecological niche. A total of 29 pseudogenes were 
characterised during manual curation of the F3031 genome (Table 3.4). This number is 
Chapter 3 
 
114 
 
much greater than reported for strain Rd KW20 (7 pseudogenes) and similar to NTHI 
strain 86-028NP (30 pseudogenes), which may reflect genome annotation. Identification 
of pseudogenes depends heavily on manual curation and inspection of each CDS, with 
those that are truncated and present as gene fragments being more difficult to identify 
than mutations that result in a frameshift. It is likely that many more pseudogenes exist in 
bacterial genomes than are identified through genome annotation. 
Table 3.4 Pseudogenes in the F3031 genome. Original function based on homology to genes in public 
databases.  
 
Number F3031 ID Gene Original product
1 HIBPF00060 Formate dehydrogenase, major subunit
2 HIBPF01920 hap Adhesion and penetration protein Hap
3 HIBPF04580 hsf Hsf-like protein fragment
4 HIBPF06670 Putative prophage repressor protein
5 HIBPF08080 baaA9 Trimeric autotransporter adhesin 9
6 HIBPF08550 ABC transporter, ATP binding domain
7 HIBPF11710 ccmH Cytochrome c-type biogenesis protein ccmH precursor
8 HIBPF12140 Predicted copper chaperone homolog fragment
9 HIBPF12220 metH MetH protein
10 HIBPF12890 23S rRNA (uracil-5-)-methyltransferase rumB, fragment
11 HIBPF16460 eriC EriC chloride channel family
12 HIBPF17311 GABA permease
13 HIBPF09532 Putative uncharacterized protein, phage related
14 HIBPF07270 baaA4 Trimeric autotransporter adhesin 4
15 HIBPF00080 fdhE Formate dehydrogenase accessory protein FdhE 
16 HIBPF02910 Conserved hypothetical protein
17 HIBPF04791 Glucose-specific PTS system enzyme IIA component
18 HIBPF04971 Predicted choline-glycine betaine transporter
19 HIBPF06451 Putative outer membrane autotransporter barrel (N. lactamica )
20 HIBPF09527 Putative uncharacterized protein, phage related
21 HIBPF10940 baaA5 Trimeric autotransporter adhesin 5
22 HIBPF12260 Predicted P-loop ATPase
23 HIBPF13110 Conserved hypothetical protein
24 HIBPF16320 2-methylthioadenine synthetase
25 HIBPF16620 Adenine-specific methyltransferase
26 HIBPF17800 lic2B Putative galactosyl transferase Lic2B
27 HIBPF19730 Putative protein-S-isoprenylcysteine methyltransferase
28 HIBPF20310 Selenide, water dikinase
29 HIBPF20490 Putative type I restriction-modification system
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Interestingly, a large proportion of the genes which appear to have lost their function are 
surface-exposed genes that are likely to play a role in host-pathogen interactions and 
under strong selective pressure, such as autotransporters, outer membrane proteins 
(OMPs) and genes encoding proteins involved in LOS biosynthesis. This indicates that 
these genes are no longer essential for F3031 survival. Although, these mutations may 
also be artefactual as a result of sequencing error, which can occur by substitution of an 
incorrect nucleotide, deletion of one or more nucleotides, or insertion of false nucleotides 
during the reading process (Hoff, 2009). However, an error rate of 0.001% has been 
reported for Sanger sequencing (Ewing et al., 1998) and so the effects of sequencing 
errors on gene prediction are likely to be small. 
 
3.2.1.3 Contingency loci 
Phase-variation (PV) describes the high-frequency, reversible phenotypic switching of 
bacterial cell surface structures, allowing bacterial adaptation in the face of changing 
environments, such as host immune clearance mechanisms (Moxon et al., 2006). This 
phenomenon is mediated by simple sequence repeats (SSRs) in DNA at contingency loci, 
which are iterations of contiguous nucleotides where the unit of repeat is between 1 and 9 
nucleotides in length. Several species of bacteria, including H. influenzae, Neisseria 
meningitidis, and Helicobacter pylori, are able to adapt to generate diversity in this way. 
Contingency genes in H. influenzae were first recognized through studies of 
lipopolysaccharide (LOS) biosynthesis, where it was found that LOS phase variants that 
express specific epitopes have enhanced virulence in an animal model (Bayliss et al., 
2001). H. influenzae SSRs have been well characterised, and examination of their 
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presence in genome sequences has the potential to reveal phase-variable genes that may 
be involved in host-pathogen interactions.  
 
Annotation of the genome included identifying all contingency loci present in the F3031 
genome, which were unequally distributed throughout the chromosome (Figure 3.3).  A 
total of 54 SSR loci were identified and their associated genes and protein products 
characterised (Table 3.5). The majority of these repeats are associated with genes that 
plausibly function in host-pathogen interactions, including LOS biosynthesis and iron 
acquisition. In accordance with studies of contingency loci in other H. influenzae, 
tetranucleotide repeats were over-represented at 20 different loci and appear to be the 
major mediators of PV in this strain (Moxon et al., 2006; Power et al., 2009). 
Characterisation of SSRs in the F3031 genome identified novel repeats associated with 
genes plausibly involved in host-pathogen interactions. Of particular interest, 11 novel 
SSR loci are associated with putative virulence factors. In addition to the previously 
described Hae phase-variable fimbrial locus, Haf, mononucleotide SSRs were identified 
in the promoter regions of 2 genes at new fimbrial operons, named Aef1 and Aef2. A new 
octanucleotide repeat was associated with 2 unique high-molecular-weight alleles of 
genes hmw1A and hmw2A, and SSRs were discovered associated with 7 novel putative 
trimeric autotransporter adhesin (TAA) genes encoded by the F3031 genome.  
 
Table 3.5 Genes and protein products associated with SSRs in the F3031 genome. The minimum threshold 
(n) for SSR detection for each repeat unit used in this study is written in brackets (xn), based on Power et 
al., 2009 (Power et al., 2009). Those within the CDS that result in a frameshift mutation are noted by 
(frameshift). Those upstream SSRs are located in the promoter region of the associated gene. 
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Repeat Copy Location ID Gene Product
Mono (x9) Total: 9
A 10 upstream HIBPF00160 lepA GTP-binding membrane protein LepA
9 in CDS HIBPF00250 citG CitXG, Apo-citrate lyase phosphoribosyl-dephospho-CoA transferase
12 upstream HIBPF02730 aef2A Fimbrial operon 2
T 10 upstream HIBPF00170 aef1A Fimbrial protein, fimbrial operon 1 
17 upstream HIBPF05380 Major fimbrial subunit
12 upstream HIBPF07270 baaA4 BaaA4 Trimeric autotransporter adhesin, pseudogene
G 13 in CDS HIBPF05220 baaA2 BaaA2 Trimeric autotransporter adhesin
9 in CDS HIBPF05220 Putative glycosyl transferase
9 in CDS HIBPF20490 Putative type I restriction-modification system (frameshift)
Di (x5) Total: 8
TA 5 in CDS HIBPF00060 Formate dehydrogenase-N, alpha subunit, nitrate-inducible
10 upstream HIBPF10160 hafA HafA major pilus protein
10 upstream HIBPF10160 hafB HafB periplasmic chaperone
10 upstream HIBPF11230 hafA HafA major pilus protein
10 upstream HIBPF11230 hafB HafB periplasmic chaperone
8 upstream HIBPF06240 baaA1 BaaA1 Trimeric autotransporter adhesin
AC 5 in CDS HIBPF15740 UDP-2,3-diacylglucosamine pyrophosphatase
TG 5 in CDS HIBPF15670 DNA polymerase III alpha subunit
Tri (x4) Total: 9
ACT 4 in CDS HIBPF17480 Protein chain elongation factor EF-G, GTP-binding
ATT 4 upstream HIBPF16171 hgpB2 HgpB2, hemoglobin-haptoglobin binding protein (frameshift)
4 upstream HIBPF17250 hgpB HgpB, hemoglobin-haptoglobin binding protein
CAA 4 in CDS HIBPF01730 Polyribonucleotide nucleotidyltransferase
4 in CDS HIBPF16300 DNA helicase and single-stranded DNA-dependent ATPase
TGG 4 in CDS HIBPF05100 lsgE lsgE, putative UDP-galactose--lipooligosaccharide galactosyltransferase
TGT 4 in CDS HIBPF11360 UDP-N-acetylmuramate:L-alanine ligase
CAA 4 in CDS HIBPF01730 Polyribonucleotide nucleotidyltransferase
GCA 4 in CDS HIBPF01600 Inosine-5'-monophosphate dehydrogenase
Tetra (x3) Total: 20
CAAT 17 in CDS HIBPF01690 Putative glycosyltransferase (frameshift)
21 in CDS HIBPF03020 CMP-Neu5Ac--lipooligosaccharide alpha 2-3 sialyltransferase
31 in CDS HIBPF08820 licA LicA, choline kinase involved in LOS biosynthesis
26 in CDS HIBPF09080 licA LicA, choline kinase involved in LOS biosynthesis (frameshift)
14 in CDS HIBPF17770 Lipooligosaccharide biosynthesis protein (frameshift)
CCAA 10 in CDS HIBPF07480 Possible glycosyltransferase
20 in CDS HIBPF16171 hgpB2 HgpB2 hemoglobin-haptoglobin binding protein (frameshift) 
29 in CDS HIBPF16710 hgpC HgpC hemoglobin-binding protein (frameshift)
15 in CDS HIBPF17250 hgpB HgpB hemoglobin-haptoglobin binding protein
CAAA 14 in CDS HIBPF07130 baaA3 BaaA3 Trimeric autotransporter adhesin
15 upstream HIBPF10940 baaA5 BaaA5 Trimeric autotransporter adhesin, pseudogene 
3 in CDS HIBPF15821 Nitrate/nitrite response regulator protein
GCAA 14 in CDS HIBPF14450 baaA6 BaaA6 Trimeric autotransporter adhesin
14 upstream HIBPF15560 lex2B Lex2B UDP-glucose--lipooligosaccharide glucosyltransferase
32 upstream HIBPF16620 Adenine-specific methyltransferase, pseudo
TTGC 32 upstream HIBPF16610 htpX HtpX Heat shock protein HtpX, reverse of above
GCAA 26 in CDS HIBPF18740 las Las Autotransporter protein Las (frameshift)
11 in CDS HIBPF19430 Acyltransferase
3 in CDS HIBPF01360 baaA8 BaaA8 Trimeric autotransporter adhesin (frameshift)
GACA 8 in CDS HIBPF02020 UDP-galactose--lipooligosaccharide galactosyltransferase
Penta (x3) Total: 3
TTATT 3 in CDS HIBPF05060 lsgA lsgA, Polysaccharide biosynthesis protein
3 in CDS HIBPF13700 nrfE NrfE, cytochrome c-type biogenesis protein
GACGA 10 in CDS HIBPF06860 hsdM3 HsdM3 putative type I restriction enzyme HindVIIP M protein
Hexa (x3) Total: 1
GGCAAT 12 in CDS HIBPF02080 hxuA HxuA heme/hemopexin-binding protein A
Octa (x3) Total: 4
ATTATTTG 7 upstream HIBPF05950 cmkB CmkB cytidylate kinase 2
CAAATAAT 7 upstream HIBPF05940 pdxS PdxS pyridoxal biosynthesis lyase
GCATCATC 15 upstream HIBPF07160 hmw2A Hmw2A high-molecular weight protein
14 upstream HIBPF12910 hmw1A Hmw1A high molecular weight adhesin 1
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The presence of a large number of contingency loci in the genome of F3031 suggests that 
PV is likely to play an important role in host-pathogen interactions for this strain. Studies 
of PV in other pathogens have demonstrated that variation in SSR number occurs during 
natural infection. For example, in the case of the phase-variable HMW adhesins in NTHI, 
increased repeat number was correlated with decreased expression (Dawid et al., 1999). 
Decreasing expression of a surface-exposed protein may be advantageous to the 
bacterium‟s survival by avoiding an immune response from the host. Interpreting the 
importance of these contingency loci from the genome sequence is more problematic, due 
to the stochastic nature of SSR numbers that would be expected to change frequently. 
Identifying SSR loci within the genome has enabled the discovery of novel genes that 
may contribute to virulence. These genes will be described in more detail in the sections 
below. 
 
3.2.2 Previously mapped H. influenzae genes 
Availability of the whole genome sequence for the BPF clone strain F3031 provides the 
data required to characterise all features encoded by this organism, and also enables a 
strategic search for loci and genes of particular interest. Of foremost concern was 
identification of all putative virulence factors, both established and novel, that may help 
understand this strain‟s unusual pathogenicity. To begin with, genes established to be 
important in H. influenzae pathogenesis were identified and analysed for sequence 
variation that may be responsible for the differences in phenotype. These include genes 
involved in LOS biosynthesis, iron acquisition, oxidative stress, restriction modification 
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and genes that play a role in adhesion and invasion. Associated SSRs are described where 
present. 
 
3.2.2.1 Lipooligosaccharide biosynthesis 
Lipooligosaccharide (LOS) molecules are major glycolipids that are expressed by Gram-
negative bacteria, including members of the genera Neisseria, Haemophilus, and 
Bordetella. LOS is an important virulence factor and has been shown to play a role in 
pathogenicity, as described in Section 1.4.1. For example, LOS variation in pathogenic 
Neisseria enhances resistance of the organism to killing by normal human serum (Preston 
et al., 1996). H. influenzae LOS has been studied extensively, and over fifty genes 
involved in its biosynthesis have been identified. There are two distinct domains in the 
LOS molecule, which include a carbohydrate containing region and lipidA (see Figure 
1.2). The carbohydrate regions of H. influenzae LOS provide targets for recognition by 
host immune responses, and certain epitopes are known to contribute to disease 
pathogenesis (Herbert et al., 2002; Schweda et al., 2007). Structural variation between 
strains results from heptose residues within the inner core, which provide a point for 
oligosaccharide chain elongation, and heterogeneity in the presence of phosphate-
containing substituents, such as phosphorylcholine (ChoP). In addition, phase-variation 
of defined oligosaccharides results in a repertoire of oligosaccharide epitopes in a single 
strain. For example, PV of licA results in phase variable ChoP decoration of H. influenzae 
LOS. The presence of ChoP appears to confer sensitivity to serum-mediated killing 
caused by C-reactive protein, but in an animal model ChoP appears to confer an 
advantage for colonisation and survival in the nasopharynx (Weiser et al., 1997). 
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All genes previously established to be involved in H. influenzae LOS biosynthesis were 
identified in the F3031 genome (Table 3.6), including a duplicated lic locus. Genetic 
analysis of strain F3031, isolated from the blood of a child with BPF, allowed us to 
determine whether the genes involved in LOS biosynthesis and modification were in an 
„on‟ or „off‟ state in this bacterium at the time of sequencing. However, the F3031 strain 
has been passaged through an indeterminate number of passages since isolation, with 
little selection pressure to maintain a particular LOS phenotype, and so SSR number may 
have changed and should be interpreted with caution. All those previously identified in H. 
influenzae as phase-variable were confirmed to be present in the F3031 genome. These 
included the phosphorylcholine transferase gene lic1A, the glycosyltransferase genes 
lic2A and lgtC, the sialyltransferase gene lic3A, the acetyltransferase gene oafA and 
lex2A. Six of the 8 tetranucleotide repeats associated with genes involved in LOS 
biosynthesis were in frame, but varied in repeat number (Table 3.6).  
 
 
 
 
 
 
 
 
Table 3.6 Genes encoding proteins with a role in lipooligosaccharide synthesis in strain F3031. 
Systematic_ID, gene name, putative function, % amino acid identity to the homologous protein in NTHI 
strain 86-028NP shown.  
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 Gene ID Gene Function % ID SSR
HIBPF00550 kdsB 3-Deoxy-D-mannos-octulosonic acid cytidylyltransferase 97
HIBPF00560 lpxK Tetraacyldisaccharide 4'-kinase 97
HIBPF00570 msbA Lipid A export ATP-binding protein msbA 99
HIBPF20300 msbB Lipid A biosynthesis (KDO)2-(lauroyl)-lipid IVA acyltransferase 97
HIBPF02020 IgtC UDP-galactose-lipooligosaccharide galactosyltransferase 93 GACA x8 in frame
x10 NTHI in frame
HIBPF02030 orfM Xanthosine triphosphate pyrophophatase 96
HIBPF02040 kdkA 3-Deoxy-D-manno-octulosonic acid kinase 97
HIBPF02050 opsX ADP-heptose-lipooligosaccharide heptosyltransferase I 95
HIBPF02190 lpt6 PE-tn-6-lipooligosaccharide phosphorylethanolamine transferase 98
HIBPF03010 galE UDP-glucose 4-epimerase 99
HIBPF03020 lic3A CMP-Neu5Ac-lipooligosaccharide alpha-2-3-sialyltransferase 90 CAAT x21 in frame
x18 NTHi in frame
HIBPF19430 Predicted acyltransferase 97 GCAA x11 in frame
x8 NTHI in frame
HIBPF18110 waaQ ADP-heptose-lipooligosaccharide heptosyltransferase III 97
HIBPF17790 lic2A UDP-galactose-lipooligosaccharide galactosyltransferase 95 CAAT x14 in frame
x14 NTHI in frame
HIBPF16270 kdtA 3-Deoxy-D-manno-octulosonic acid transferase 98
HIBPF16260 lgtF UDP-glucose-lipooligosaccharide glucosyltransferase 98
HIBPF15740 lpxH UDP-2,3-diacylglucosamine hydrolase 97
HIBPF15660 pgmB Phosphoglucomutase 99
HIBPF15560 lex2B UDP-glucose-lipooligosaccharide glucosyltransferase 98 GCAA x14 in promoter
x14 NTHI in promoter
HIBPF15461 lpsA Lipooligosaccharide glycosyltransferase 70
HIBPF14960 galU UTP-glucose-1-phosphate uridylyltransferase 100
HIBPF14371 rmlB dTDP-glucose 4,6-dehydratase 98
HIBPF13960 lpxD UDP-3-O -[3-hydroxymyristoyl] glucosamine N- acyltransferase 99
HIBPF12450 Predicted PE-lipooligosaccharide phosphorylethanolamine transferase 95
HIBPF12060 lpxB Lipid-A-disaccharide synthase 97
HIBPF12050 lpxA Acyl-[acyl-carrier-protein]-UDP-N -acetylglucosamine O -acyltransferase 96
HIBPF12030 Predicted PE-lipooligosaccharide phosphorylethanolamine transferase 98
HIBPF11620 rfaF ADP-heptose-lipooligosaccharide heptosyltransferase 96
HIBPF11590 rfaD ADP-L-glycero-D-manno-heptose-6-epimerase 99
HIBPF11590 lpxC UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase 98
HIBPF10840 lpcA Phosphoheptose isomerase 98
HIBPF09820 lgtD Putative UDP-GlcNAc-lipooligosaccharide N- acetylglucosamine 94
glycosyltransferase
HIBPF09010 kdsA Phospho-2-dehydro-3-deoxyoctonate aldolase and 3-deoxy-D-manno- 99
octulosonic add 8-phosphate synthetase
HIBPF08840 licD Phosphorylcholine transferase 95
HIBPF08830 licC Protein LicC, CTP-phosphorylcholine cytidylyltransferase 94
HIBPF08821 licB Protein LicB, putative choline uptake protein 94
HIBPF08820 licA Protein LicA, choline kinase 99 CAAT x31 in frame
x15 NTHi in frame
Duplicated F3031 licABCD locus:
HIBPF09100 licD Phosphorylcholine transferase 70
HIBPF09090 licC Protein LicC, CTP-phosphorylcholine cytidylyltransferase 94
HIBPF09081 licB Protein LicB, putative choline uptake protein 94
HIBPF09080 licA Protein LicA, choline kinase, pseudogene 99 CAAT x26 out of frame
HIBPF08740 htrB Lipid A biosynthesis lauroyl acyltransferase 97
HIBPF08730 rfaE ADP-heptose synthase 99
HIBPF08150 mrsA Predicted phosphomannomutase 99
HIBPF07480 Putative glycosyltransferase 98 CCAA x10 BPF in frame
x17 NTHI out of frame
HIBPF06650 slaB CMP-Neu5Ac synthetase 98
HIBPF06160 Possible polysaccharide biosynthesis protein 99
HIBPF05110 lsgF Putative UDP-galactose-lipooligosaccharide galactosyltransferase 99
HIBPF05100 lsgE Putative UDP-galactose-lipooligosaccharide galactosyltransferase 96
HIBPF05090 lsgD Putative UDP-GlcNAc-lipooligosaccharide N- acetylglucosaminyl 97
glysocsyltransferase
HIBPF05080 lsgC Putative UDP-galactose-lipooligosaccharide galactosyltransferase 96
HIBPF05070 lsgB CMP-N -acetylneuramlnate-beta-galactosamide-alpha-2,3-sialyltransferase 100
HIBPF05060 lsgA Putative lipooligosaccharide flippase 98
HIBPF04700 wecA Undecaprenyl-phosphate alpha-N -acetylglucosaminyl 1-phosphate 99
transferase
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A study of phase variation of licA genes in H. influenzae type b revealed that lic3A 
expression was increased in organisms recovered following intranasal challenge of infant 
rats, suggests
 
that expression of this gene is important for nasopharyngeal
 
colonization 
(Hosking et al., 1999). The 21 5‟-CAAT-3‟ repeats associated with lic3A in strain F3031 
maintained the open reading frame, suggesting expression of this gene.   
 
The phase variable gene lgtC encodes a glycosyltransferase involved in the synthesis of 
the 4C4 epitope, and its expression has been shown to be a critical factor in serum 
resistance of H. influenzae strain R2866 (Erwin et al., 2006). This study analysed 
expression of all phase-variable LOS genes and found a strong correlation between serum 
resistance and lgtC expression in this strain, but no such correlation for any of the other 
genes. The lgtC gene is associated with the tetranucleotide repeat 5‟-GACA-3‟, present in 
8 copies in strain F3031 and in frame, suggesting that the gene was expressed at the time 
of sequencing. 
 
Sequence similarity of all LOS genes to their homologues in NTHI strain 86-028NP was 
analysed by amino acid sequence alignment to obtain percent identity across the proteins 
(% ID). This was high for all genes (70-100%, average 96.1%), and only 2 genes (lpsA 
and licD) gave lower than 90% sequence identity to their 86-028NP homologues. 
 
In addition to the mechanism of PV, structural rearrangements within the oligosaccharide 
may contribute to evasion of the immune response (Lysenko et al., 2000).  One such 
rearrangement is mediated by the lic1 locus, which regulates incorporation of choline, 
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acquired from the growth medium as phosphorylcholine (ChoP) (Weiser et al., 1997). 
Hae appears to be unique in possessing two copies of the licABCD locus, the second of 
which occurs adjacent to a large (~54 kb) phage insertion, suggesting possible lateral 
acquisition. Within lic1, the 2 copies of licD in F3031 show the most sequence 
differences, and polymorphism in the licD gene has been suggested to result in variation 
in the molecular environment of ChoP (Lysenko et al., 2000). Pairwise amino acid 
sequence analysis comparison of the two licD alleles in strain F3031 and licD from 
strains Rd KW20 and 86-028NP revealed the most divergent to be the F3031 genes. This 
may underlie structural differences for the addition of ChoP to the oligosaccharide of 
functional importance. 
 
Rd KW20     MKKLTLREQQLVCLNILDYFHALCERYKISYSLGGGTLIGAIRHKGFIPWDDDIDVYMHR 60 
86-028NP    MKKLTLREQQLVCLNILDYFHALCERHQIHYSLGGGTLIGAIRHKGFIPWDDDIDVYMHR 60 
F3031       MKKLTLREQQLVCLNILDYFHALCEKHQIRYSLGGGTLIGAIRHQGFIPWDDDIDVYMHR 60 
F3031_2     MKKLTLREQQLVCLNILDYFHALCEKHQIRYSLGGGTLIGAIRHQGFIPWDDDIDVYMHR 60 
 
Rd KW20     DEYQRFVDVWFQETHEHYNMETAEDILAQYTGEMAKIFDCRTQITDAKGRKSPMFMDIFI 120 
86-028NP    DEYQRFVDVWFQETHEYYNMETAEDILAQYTGEMAKIFDCRTQITDAKGRKSPMFMDIFI 120 
F3031       DEYQKFVDVWFRETNEYYNMETAEDILAQYTGEMAKIFDCRTQITDTKGRKSPMFMDIFI 120 
F3031_2     DEYQKFINAWLHEKHERYSIGTAEDILASNTGEMTKIFDNKTKTIDINGNENKIFIDIFI 120 
 
Rd KW20     YDGVPNEPKIIYPLMKKHRRIKLRFSSCKKRWLRAKENTVQKAILNKLSHFLFSKMQKNL 180 
86-028NP    YDGVPNEPKIIYPLMKKHRRIKLRFSSCKKRWLRSKENTLQRTILGKLSHFLFSKMQKNL 180 
F3031       YDGVPNEPKIIYPLMKKHRRIKLRFSSCKKRWLRSKENTLQRTILDKLSHFLFSKMQKNL 180 
F3031_2     YDGIPNNKKIIYTIIKKYRKRKNRFASCKKRWIRASQNSLKYTILNWLSNLLFHRMQNYL 180 
 
Rd KW20     AQFQIKYPIKQCDYIGLVLSDYGGWQKSYMPKEYFNHVIYKEFEGRQFQVMNGYHEHLTQ 240 
86-028NP    AQFQIKYPIKQCDYIGLVLSDYGGWQKSYMPKEYFNHIVYKEFEGRQFQVMNGYHEHLTQ 240 
F3031       AQFQIKYPIKQYDYIGLVLSDYGGWQKSYMPKEYFNHVIYKEFEGRQFQVMNGYHEHLTQ 240 
F3031_2     SEIQKLHPINTSENIGLLMTEYRNWNKAYMPRAYFNHVIYKEFEGRQFQVMNGYHEHLTQ 240 
 
Rd KW20     YYGDYMKLPPEEDQKPHHIQEAYIL 265 
86-028NP    YYGDYMKLPPEEDQKPHHIQEAYIL 265 
F3031       YYGDYMKLPPEEEQKQHHIQEAYIL 265 
F3031_2     YYGDYMKLPPEEDQKPHHIQEAYIL 265 
 
Figure 3.4 Amino acid sequence alignment of four licD proteins from different strains of H. influenzae. 
Shading indicates amino acid differences, only 1 sequence is highlighted where it differs from the other 3. 
 
Chapter 3 
 
124 
 
Heterogeneity in LOS structure and expression is consistent with the hypothesis that  
particular combinations of LOS modification may facilitate colonization or survival in 
different host environments (Hosking et al., 1999). The presence of all genes known to be 
involved in Haemophilus LOS biosynthesis were confirmed from the F3031 genome 
sequence, and SSRs associated with these genes identified. Such variation has been 
shown to play a crucial role in avoidance of the host immune response and pathogen 
survival, but the significance of the observed variation to survival in the different 
environments and contribution to virulence remain unclear. 
 
3.2.2.2 Iron acquisition 
Iron acquisition from host proteins is of major importance to the growth and survival of 
bacterial pathogens during infection. H. influenzae strains have an absolute requirement 
for iron or heme, together with protoporphyrin IX, the precursor of heme (Evans et al., 
1974). Strains of H. influenzae can acquire iron directly from human transferrin using a 
transferrin receptor-mediated mechanism, rather than by siderophore capture (Schryvers 
and Gray-Owen, 1992). The receptor is composed of two iron-repressible outer 
membrane proteins, transferrin binding proteins 1 and 2 encoded by tbp1 and tbp2, 
homolgues of which are present in F3031. The gene encoding the global regulator Fur, 
was also identified. The products of 21 genes that have been shown to play a role in iron 
acquisition are listed in Table 3.7.  
 
Heme from hemoglobin and from hemoglobin-haptoglobin complexes can be acquired 
through the TonB-dependent Hgp proteins. Three haemoglobin-haptoglobin proteins 
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HgpA, HgpB, and HgpC, originally identified in H. influenzae type b strain HI689, have 
been identified. In F3031 all three hgp genes are present, and an additional homologue to 
hgpB (81% ID) was identified at a different locus, designated hgpB2. The characteristic 
5‟-CCAA-3‟ tetranucleotide SSR associated with hgpABC in H. influenzae is associated 
with hgpB and hgpC and also with hgpB2 in F3031. The 5‟-CCAA-3‟ SSRs associated 
with hgp genes occur within the CDSs, so that slip-strand mispairing results in a direct 
on-and-off switch of expression of the encoded protein. All associated repeats were in 
frame for strain F3031, except for hgpB2 which was out of frame, suggesting it was not 
expressed in this strain at the time of sequencing. This situation differs from NTHI strain 
86-028NP, where the 5‟-CCAA-3‟ repeat associated with hgpC is out of frame. Heme 
from heme-hemopexin is acquired through HxuC, which is dependent on HxuA and 
HxuB , homologues of which are present in the F3031 genome. Twelve copies of the 
hexanucleotide repeat 5‟-GGCAAT-3‟ are associated with hxuA, whereas there are only 6 
copies in the NTHI strain 86-028NP.  
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Table 3.7 Genes encoding proteins with a role in iron acquisition in strain F3031. Percentage amino acid 
sequence identity (% ID) to the homologue in NTHI strain 86-028NP. Associated SSRs noted where 
present. 
 
 
F3031 
ID 
Gene Function % ID SSR Repeat 
xN strain  
in frame (Y/N) 
HIBPF01380 hitA hFbpA, iron utilisation periplasmic protein 97 - 
HIBPF01390 hitB hFbpB, iron utilisation periplasmic protein 97 - 
HIBPF01400 hitC hFbpC, iron utilisation periplasmic protein 97 - 
HIBPF01580 hemR Hemin receptor 94 - 
HIBPF20220 fur Ferric uptake regulation protein 99 - 
HIBPF02060 hxuC Heme/hemopexin-binding protein C 90 - 
HIBPF02070 hxuB Heme/hemopexin-binding protein B 95 - 
HIBPF02080 hxuA Heme/hemopexin-binding protein A 79 GGCAAT  
x12 F3031 Y 
x3 86-028NP Y 
HIBPF03070 hfeD Putative ABC-type chelated iron transport 
system, permease component 
95 - 
HIBPF03080 hfeC Putative ABC-type chelated iron transport 
system, permease component 
95 - 
HIBPF03090 hfeB Putative ABC-type chelated iron transport 
system, ATPase component 
95 - 
HIBPF03100 hfeA Putative periplasmic chelated iron binding 
protein  
95 - 
HIBPF16171 hgpB2 Haemoglobin-haptoglobin binding protein 
B2 (Haemoglobin-haptoglobin utilisation 
protein B2) 
81  
(to hgpB) 
CCAA  
x20 F3031 N 
HIBPF17250 hgpB Haemoglobin-haptoglobin binding protein 
B (haemoglobin-haptoglobin utilisation 
protein B) 
85 CCAA  
x15 F3031 Y 
x12 86-028NP Y 
HIBPF16710 hgpC Haemoglobin-haptoglobin binding protein 
C (haemoglobin-haptoglobin utilisation 
protein C) 
83 CCAA  
x29 F3031 Y 
x20 86-028NP N 
HIBPF14550 hbpA Heme-binding protein A (heme-binding 
lipoprotein) 
98 - 
HIBPF12390 tbpA Transferrin-binding protein 1 96 - 
HIBPF12521 tbp2 Transferrin-binding protein 2 68 - 
HIBPF11140 hemH Ferrochelatase 94 - 
HIBPF10470 hup Heme utilisation protein 85 - 
HIBPF04620   Mn
2+
 and Fe
2+
 transporter of the NRAMP 
family 
98 - 
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Transport of iron across the inner membrane is less well characterized. Iron is transported 
into the cell via products of the hitABC genes that encode the FbpABC proteins, members 
of a highly specific iron ABC transport system characterised by complementing a 
siderophore-deficient E. coli strain with hitABC genes cloned from H. influenzae 
(Anderson et al., 2004). The periplasmic heme-binding lipoprotein HbpA is also thought 
to be involved in transport across the cytoplasmic membrane. Additional components of 
the heme acquisition systems include the receptor hemR and the heme utilization protein 
hup, homologues to all of which were identified in the F3031 genome. All genes 
encoding proteins with a role in iron acquisition share a high degree of amino acid 
sequence identity to their homologues in strain NTHI 86-028NP (79-99%).  
 
In summary, it appears that strain F3031 has the necessary complement of genes required 
for iron uptake which have remained highly conserved between H. influenzae strains, 
consistent with their importance in survival for this species. 
 
3.2.2.3 Oxidative stress 
Although the acquisition of iron is of major importance to bacterial growth and survival, 
free iron poses a risk to the cell by catalyzing the Fenton reaction, whereby iron reacts 
with hydrogen peroxide and generates highly reactive and toxic hydroxyl radicals. 
Bacterial oxidative stress regulons respond to the stress caused by reactive forms of 
oxygen, and the most established defence system against hydroxyl radicals are the 
superoxide dismutases A and B. This system converts highly reactive superoxide to 
hydrogen peroxide, which is then converted into water and oxygen by catalase (Chen et 
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al., 1991). Genes involved in this process include sodA and hktE (HIBPF11790 and 
HIBPF13770, respectively), which are both intact in the F3031 genome. However, this 
strain lacks a homologue to tsaA, a gene encoding the Pasteurella multocida 
peroxiredoxin, which is present in strain 86-028NP but absent from Rd KW20.  
 
The ferritin-like proteins ftnA and ftnB have been shown to play a role in protection 
against oxidative stress in E. coli, and are both present in strain F3031 (HIBPF07450 and 
HIBPF07460, respectively) and in 86-028NP. Overexpression of these genes provided 
protection against oxidative damage in an iron-overloaded E. coli fur mutant (Touati et 
al., 1995). In addition, a putative DNA-binding ferritin-like protein, belonging to the Dps 
family of proteins, was present in the genome (HIBPF07060). This gene family encodes 
non-specific DNA binding proteins which have been shown to play a role in protection 
against oxidative stress in Salmonella enterica and E. coli (Halsey et al., 2004).  
 
3.2.2.4 Restriction modification systems 
Restriction modification (RM) systems comprise genes that encode a modification 
methylase, which protects the bacteria‟s own DNA by methylating residues within the 
restriction site, and a restriction enzyme, which destroys foreign DNA by cleaving it at 
specific sites that are not methylated. There are three classes of RM system: type I, II, and 
III, with type II being the most common. Analysis of bacterial genomes has revealed that 
RM systems often result from horizontal gene transfer between genomes, are often linked 
with mobile genetic elements, and even behave as mobile genetic elements themselves, 
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causing genome rearrangements (Kobayashi, 2001). A total of 8 RM systems were 
identified in the F3031 genome. 
 
Type I RM systems are the most complex, and comprise 3 proteins that form a complex 
that can both cleave and methylate DNA. Three type I RM systems are present in H. 
influenzae Rd KW20 and NTHI 86-028NP, which each encode a methyltransferase 
(HsdM), a sequence recognition protein (HsdS), and a restriction enzyme (HsdR) 
(Roberts et al., 2003). In Hae F3031, 3 hsd-like loci were identified, one hsd system 
encodes these three genes only (HIBPF06820 - HIBPF06840). Another hsd-like locus 
encodes 5 genes and lacks HsdS. This is replaced by two genes encoding proteins with 
similarity to hypothetical proteins in the Neisseria meningitidis strain MC58 genome, and 
a pseudogene similar to a putative type I restriction-modification system found in two 
other sequenced NTHI genomes (in strains PittGG and NT127). The third gene cluster 
(HIBPF01460 – HIBPF01490) consists of four genes, homologous to the locus in NTHI 
86-028NP, except for the HIBPF01470, which encodes a predicted transcriptional 
regulator.  
  
Type II RM systems encode two proteins, a methylase and a restriction enzyme that 
recognize the same restriction site and act independently. The type II systems HaeIII and 
HaeIV were identified in the F3031 genome, but this strain lacks HaeII, a restriction 
system that was first described in Hae and also identified in NTHI strain 86-028NP 
(Slatko et al., 1988; Brenner et al., 1988).  
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Type III RM systems also comprise two proteins, but these form a complex that both 
methylates and cleaves. Examples of type III systems were also found in the F3031 
genome, such as HIBPF16840 and HIBPF16850, which have homologues in NTHI 
strains R2866 and PittHH. 
 
3.2.3 H. influenzae adhesins 
The molecular mechanism for H. influenzae disease pathogenesis has been extensively 
studied. The spread of H. influenzae occurs by respiratory droplets or by direct contact 
with respiratory tract secretions from an infected individual. Interaction of H. influenzae 
with upper respiratory tract mucosal epithelial cells is the first step in bacterial 
colonisation and pathogenesis, which is mediated by a number of adhesins. Invasion of 
H. influenzae into respiratory epithelium, investigated by microscopic examination of 
cultured respiratory epithelial cells infected with NTHI, occurs when organisms enter the 
epithelial cells or pass between cells into the deeper tissue, known as „paracytosis‟ 
(Forsgren et al., 1994). Following this, cells move through the basement membrane and 
connective tissue, adhere to microvascular endothelial cells and then invade into the 
bloodstream.  
 
Colonisation of the respiratory mucosa by H. influenzae is facilitated by both pilus and 
non-pilus adhesins, which mediate attachment of the bacterial cells to human 
oropharyngeal epithelial cells. Haemagglutinating pili, encoded by a cluster of 5 genes 
hifA-hifE, mediate attachment to epithelial cells and agglutination of erythrocytes. Non-
pilus adhesins include a variety of autotransporter proteins, such as the high-molecular-
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weight (HMW) adhesin genes, the H. influenzae adhesion and penetration protein (Hap), 
the Haemophilus surface fibrils (Hsf), and the H. influenzae adhesin Hia. The prevalence 
of these genes varies between strains, outlined in Section 1.4.3.6. The fimbrial adhesin 
genes (hif) have been more commonly found among invasive Hib strains than invasive 
NTHI strains, whereas the HMW adhesins, which are not present in Hib, may play a 
larger role in host-microbe interactive biology of NTHI strains (Ecevit et al., 2004). 
 
Hae is the most common cause of acute purulent conjunctivitis in children over 1 month 
of age (Gigliotti et al., 1981), and responsible for epidemics of conjunctivitis, during 
which transmission is presumed to occur by the eye gnat or by person-to-person spread. 
The onset of BPF, caused by only BPF clone strains of Hae, is preceded by 
conjunctivitis, suggesting that invasive disease results from systemic spread of bacteria 
from an initial site of localised infection. Strains of Hae express both pilus and non-pilus 
adhesins that are likely to be important in colonisation, but little is known about the 
pathogenic mechanisms that underlie the ability of BPF clone strains to survive in the 
bloodstream or cause purpura fulminans. 
 
3.2.3.1 Pilus-mediated adhesins 
H. influenzae haemagglutinating pili are surface appendages that mediate adherence to 
sialic acid-containing lactosylceramide structures on epithelial cell surfaces (van Alphen 
et al., 1991). Previously identified pilus gene clusters include the pilABCD locus and the 
H. influenzae fimbrial gene cluster (hifA-hifE).  
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The pilABCD locus in strains Rd KW20 and 86-028NP encodes a type IV pilus that plays 
a role in adherence to nasopharyngeal tissues (Harrison et al., 2005). This operon is 
present at the same locus in strain F3031 (HIBPF02410 - HIBPF02440). The PilABCD 
regulon also plays a role in H. influenzae competence by facilitating the uptake of DNA 
across the cell membrane, discussed further in Chapter 7. 
 
Hif consists of five genes (hifA to hifE), which encode proteins responsible for pilus 
biosynthesis. HifA encodes a major pilin protein; hifB a periplasmic chaperone; hifC an 
outer membrane usher; and hifD and hifE, two minor subunits (Read et al., 1996). Pilus 
gene expression is phase-variable, through length variation in the dinucleotide TA repeat, 
present between the overlapping, divergently oriented -10 and -35 promoters of hifA and 
hifB (van Ham et al., 1993). NTHI strain 86-028NP lacks the hif gene cluster (Munson, 
Jr. et al., 2004). A Hae pilus gene cluster, termed haf, has been characterised by Read et 
al. (1996). It differs significantly from Hif in Hib in two respects (Figure 3.5). Firstly, the 
haf  operon is duplicated and 2 identical copies are present at separate chromosomal loci, 
each with a phase-variable hafA. Secondly, although the first four genes in the cluster are 
very similar to their counterparts in the Hib pilus cluster, hafE is distinctly different in 
sequence. The genome sequence showed that strain F3031 possesses 10 copies of the 5‟-
TA-3‟ repeat unit, which has been shown to allow fimbrial expression (Read et al., 1996). 
Having two copies of phase-variable pilus gene clusters may be advantageous for several 
reasons: increased likelihood that at least one cluster is in phase „on‟ and pili is 
expressed; and significantly greater amounts of fimbriae are produced on the bacterial 
Chapter 3 
 
133 
 
cell surface, improving the efficiency of colonization and  possibly contributing to 
pathogenicity (Read et al., 1996). 
 
 
 
 
 
 
 
Figure 3.5 Diagram of Haf1 and Haf2 from BPF clone strain F3031 and comparison to Hif from H. 
influenzae type b. The five pilus genes in each cluster are indicated by open arrows, and the flanking genes 
by solid arrows. TAn repeats in the promoter region for each gene cluster. % sequence identity between the 
variable gene, hif/hafE depicted. 
 
3.2.3.2 Non-pilus mediated adhesins 
Approximately 75-80% of NTHI strains encode high-molecular-weight (HMW) adhesins, 
which are major non-pilus adhesins encoded by separate chromosomal loci, HMW1 and 
HMW2, each consisting of three genes (hmwABC) that are highly related to each other. 
These encode surface-exposed proteins that induce a strong serum antibody response in 
patients with otitis media (Barenkamp and Leininger, 1992). The duplicated HMW gene 
clusters are present at identical loci throughout NTHI strains and associated with the 
heptanucleotide repeat 5‟-ATCTTTC-3‟. Two hmw loci were identified in the F3031 
genome, present at different chromosomal loci in comparison to all other NTHI, and 
associated with unique 5‟-GCATCATC-3‟ octanucleotide SSRs (Table 3.4). The unique 
F3031 HMW loci are discussed in greater detail in Chapter 5. 
 
pmbA hifA hifB hifC hifD hifE HI1153
Hif
Haf1
Haf2
TA10
TA10
pmbA hafA hafB hafC hafD hafE HIBPF11210
HIBPF10170 hafA hafB hafC hafD hafE HIBPF10150
TA10
99%
45%
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St Geme et al. (1998) reported that HMW-containing NTHI strains all lack the H. 
influenzae adhesin Hia and vice-versa. Consistent with this, F3031 lacks the gene 
encoding the Hia adhesin, but has a fragment of the hsf gene (HIBPF0485), an allele of 
hia, present in the genome as a pseudogene (252 residues of the 1020 in Rd KW20). 
HMW and Hia/Hsf are members of the autotransporter family of proteins, described in 
Section 1.4.3, and an additional autotransporter protein present in H. influenzae is the 
adhesion and penetration protein, Hap. The hap gene (HIBPF01920) was identified in the 
F3031 genome as a pseudogene fragmented across two reading frames (Figure 3.6), 
confirming the results of Kilian et al. (2000). These genes appear to have lost their 
function through the accumulation of mutations, suggesting low selection pressure on 
their expression and function, perhaps a result of a change in niche and environmental 
pressures, or acquisition of more advantageous adhesins. 
 
 
Figure 3.6 The hap pseudogene (brown) HIBPF01920, visualised in Artemis fragmented across 2 reading 
frames. The three forward and reverse frames are shown above and below the genome position lines. The 
light blue feature represents a Pfam domain match at the N-terminal end to PF02395, the peptidase S6 
protein family.  
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The IgA1 protease is also a member of the autotransporter family of proteins. It has 
previously been reported that BPF causing strains of Hae produce antigenically and 
genetically distinct type 2 immunoglobulin A1 (IgA1) protease (Lomholt and Kilian, 
1995). Identification of the gene encoding IgA1 (HIBPF12570) and BLASTP analysis of 
the translated amino acid sequence gave a highest match of 72% identity to the protein in 
NTHI strains R2866 and PittII, two invasive strains of NTHI (Buchinsky et al., 2007). 
NTHI and Hib strains that lack the ability to produce IgA1 protease have been identified, 
suggesting that its role in pathogenesis may not be essential (Kilian et al., 1979).  
 
The opacity associated protein, OapA, is a surface-exposed lipoprotein which plays a role 
in adherence to epithelial cells in strains of NTHI and H. influenzae type b (Prasadarao et 
al., 1999). It is also present intact in the F3031 genome (HIBPF02700), sharing 95% 
amino acid identity to OapA from both NTHI 86-028NP and Rd KW20.  
 
3.2.4 Laterally acquired and newly proposed genes 
Gene transfer between species plays an important part in the evolution of bacterial 
genomes. Horizontally acquired pathogenicity islands, which are regions that typically 
harbour clusters of virulence genes, have been shown to play a major role in the 
emergence of bacterial pathogens (Hacker et al., 1997). The strongest evidence of lateral 
gene transfer comes from analysis of the DNA sequences themselves, and foreign genes 
are identified by their atypical nucleotide compositions and/or patterns of codon usage 
bias (Ochman et al., 2000;Ochman and Davalos, 2006). Regions adjacent to horizontally 
acquired loci tend to contain vestiges of the sequences affecting their integration, such as 
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transfer origins of plasmids, remnants of translocatable elements or known attachment 
sites of phage integrases (Ochman et al., 2000).  
 
3.2.4.1 Bacteriophage insertions 
Bacteriophages contribute to bacterial genome evolution by mediating chromosomal 
rearrangements and the acquisition of genes from other strains and species. Seven H. 
influenzae phage types have been previously described (HP1, HP2, S2A, B, C, N3, and 
flu) (Stuy, 1974; Williams et al., 2002). Five phage gene clusters were identified in the 
F3031 genome, which encoded primarily homologues of phage proteins interspersed with 
hypothetical genes of unknown function, known as phage cargo (Table 3.8). Phage region 
1 is similar in size and gene content to H. influenzae phages HP1, HP2 and S2, and has 
been named HP3 (Figure 3.7). HP2 is found in NTHI strains associated with unusual 
virulence (Williams et al., 2002), but is absent from the NTHI strain 86-028NP genome, 
which has in its place the ICEhin1056-like insertion.  
 
 
Figure 3.7 Artemis screenshot of phage region 1, HP3 (white feature). Phage genes and associated cargo 
genes (35 in total) spread across the 6 reading frames (pink, green and orange features). Pfam protein 
domain matches (blue) along the lower frame line. Graph above shows G+C percentage compared to 
average (average 38%, middle line), higher than average across this region.  
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 Phage region 3 formed part of a genomic island, once characterised as BPF-specific 
(McGillivary et al., 2005b), but by protein BLAST search now revealed to have 
homologues in the more recently sequenced NTHI strains PittAA, PittHH and R3655, 
with amino acid identity >99%. Phage region 5 appears to be a phage insertion which has 
brought in a copy of the duplicated HMW locus. All loci have a slightly higher G+C 
content to the rest of the genome, suggesting more recent lateral acquisition. Most phage 
regions are flanked by phage integrases which are known attachment sites supporting 
their foreign origin. These phage regions may be recent acquisitions in Hae and may have 
brought in novel cargo genes encoding proteins of yet unknown function. 
 
Table 3.8 Phage loci identified in the BPF F3031 genome including genes in flanking regions. 
Phage 
region 
Position Size 
(kb) 
% 
G+C 
No. 
genes 
Homology Adjacent regions 
1 85874 
 
32 40.5 35 HP3, similar to 
bacteriophage HP1, 
HP2 & S2 
tRNA-Gly; 
Phage integrase. 
2 325263 
 
47 41.2 60 Putative phage & 
conserved hypothetical 
proteins 
tRNA-Lys-4 fragment; 
Phage integrase. 
3 418932 
 
33 40 38 Mu-like phage, BPF 
clone genomic island  
Predicted choline-
glycine betaine 
transporter fragment 
(pseudogene); 
Transposase 
4 857914 
 
54 39.5 60 Phage, Haemophilus 
phage Aaphi23 & 
conserved hypothetical 
proteins 
licABCD & phage 
intgrase; 
Phage integrase & 
tRNA-Val 
5 1240967 
 
30 40.6 26 Mu-like phage, 
HMW1ABC 
23S rRNA (uracil-5-)-
methyltransferase 
rumB, fragment 
(pseudogene) each end 
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3.2.5 Genome content comparison to NTHI strain 86-028NP 
A comparison of the Hae BPF strain F3031 genome sequence to the complete and 
annotated genome of NTHI 86-028NP revealed 272 CDSs that were present in the F3031 
genome but not in NTHI 86-028NP, and 246 CDSs that were present in strain NTHI 86-
028NP but not in the F3031 genome. A comparison between strain NTHI 86-028NP and 
strain Rd KW20 found similar results: 280 ORFs in NTHI 86-028NP but not in Rd 
KW20, and 169 in Rd but not NTHI 86-028NP (Harrison et al., 2005), reflecting the 
smaller genome size of strain Rd KW20. 
 
The deduced amino acid sequence of the 272 putative CDSs present in the F3031 genome 
but not in the strain NTHI 86-028NP genome were used to BLAST public databases and 
investigate their presence in other H. influenzae strains and homology to proteins in other 
organisms. Ninety (~5% of total F3031 CDSs) did not show any significant homology to 
proteins in other H. influenzae sequence data available online at this time (May 2010). 
These genes form part of the „accessory genome‟ for Hae, as opposed to the core 
genome, and plausibly contribute to strain adaptation to a specific niche. Most of these 
genes encoded putative extrachromosomal elements, the majority being made up of 
regions of bacteriophage insertions. Also prominent are genes that may play a role in 
host-pathogen interactions, which have been grouped under „Adaptation‟ in Figure 3.8. 
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Figure 3.8 Functional distribution of 90 CDSs in strain F3031 genome with no homologues in other H. 
influenzae, but conserved in other organisms. 
 
3.2.6  Novel genes in the BPF clone genome 
The majority of the F3031-specific features comprise phage and associated cargo genes 
that consist of conserved hypothetical genes encoding unknown proteins. Of interest, 23 
genes (grouped under „Adaptation‟) are novel to Haemophilus with homology to genes 
that have been implicated in pathogenicity and environmental adaptation in other 
organisms. In addition to the previously characterised Hae fimbrial gene clusters (Haf 
and Pil), 3 novel gene clusters encoding genes with homology to E. coli fimbriae were 
identified in the F3031 genome (Figure 3.9). These were designated Aef1, Aef2 and 
Aef3.  Aef1 and Aef2 each encode 4 genes while Aef3 encodes 6 genes, all with low 
sequence identity (20% - 53%) to fimbrial proteins in H. influenzae and E. coli pilin 
genes and also to each other. Two of the operons (Aef1 and Aef3) had mononucleotide 
Extrachromosomal (30)
Adaptation (23)
Conserved hypothetical (18)
Genetic information transfer (11)
Transport and binding (1)
Metabolism (2)
Unknown (5)
Pseudogene (1)
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„T‟ repeats of 10 and 17 bases, respectively, in the promoter region upstream of the A 
gene, suggesting phase-variable expression, similar to the Haf locus.  
 
 
Figure 3.9 Three novel fimbrial operons in the F3031 genome: Aef1 – Aef3. Each encode proteins with 
homology to the Haf/Hif fimbrial proteins (A-C, green), and F17G-like fimbrial proteins E. coli (D-F, red): 
(A) fimbrial adhesin; (B) fimbrial chaperone; (C) usher protein, from H. influenzae; and (D) F17G adhesin 
subunit; (E) fimbrial protein; (F) F17-like fimbrial adhesion, from E. coli. Tn repeats in the promoter region 
of aefA are present for aef1A and aef2A. 
 
In addition to these novel fimbrial proteins, a family of nine unusual proteins identified in 
the F3031 genome had low or no sequence homology over the entire protein to those 
present in public databases. Protein analysis of each of these CDSs revealed the classic 3-
domain architecture characteristic of the trimeric autotransporter adhesion (TAA) family 
of proteins, including a short N-terminal signal peptide, and internal passenger domain, 
and a conserved C-terminal translocator domain. TAAs are a recently described family of 
bacterial extracellular proteins that have been shown to play a role in bacterial adhesion, 
Aef2
HIBPF02720 aef2A aef2B aef2C aef2D HIBPF02820
43% 57% 52% 36%
hafA hafB hafC f17G
Aef3
aef3EHIBPF05360 aef3A aef3B aef3C aef3D HIBPF05520aef3F
38% 49% 53% 28% 25% 25%
hafA hafB hafC f17G f17fimbrial
Aef1
HIBPF00160 aef1A aef1B aef1C aef1D HIBPF00210
42% 56% 50% 39%
f17A hafB hafC f17G
T11
T17
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invasion, cytotoxicity and serum resistance. These genes in the F3031 genome encode 
large proteins, ranging in size from 25 kDa to 211 kDa, with atypical G+C content 
suggesting more recent acquisition, depicted in two examples in Figure 3.10.   
 
 
Figure 3.10 Artemis screenshots of two putative TAA proteins in the F3031 genome. Three forward and 
reverse frames shown, vertical black lines represent stop codons. (A) BaaA1 (HIBPF06240), and  (B) 
BaaA2 (HIBPF05270), shown as white CDS features. % G+C graph shown above each shows higher than 
average G+C content suggesting recent acquisition. Blue features on the genome position frame line 
represent Pfam motif matches to binding domains within the genes. 
 
 
Altogether, it is apparent that the BPF genome encodes a range of novel putative adhesins 
and invasions that are not present in other strains of H. influenzae, raising the possibility 
that these unique features may play a role in the unusual virulence of this bacterial clone. 
Identification of these novel putative virulence factors from the genome sequence is of 
particular interest and the focus of later work described in detail in Chapters 5 and 6.  
A
B
38
60
38
65
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3.3 Summary 
 
Sequencing of the BPF clone strain F3031 genome has provided a definitive list of all 
genes and features encoded by this organism. Strains of H. influenzae are highly 
conserved in terms of their core genome content, while possessing strain-specific features 
that are likely to contribute to that strains‟ niche specificity. Bioinformatic analysis of the 
BPF clone genome revealed a number of interesting strain-specific features with 
homology to adhesins and invasins in other pathogenic bacteria.  
 
Of course, due to the nature of DNA and protein sequence databases, entries are created 
and updated regularly, and so the findings described here hold true for the dates of the 
latest homology search. The total number of strain-specific features found was much 
smaller than previously described for H. influenzae genome comparisons. This is most 
likely due to the increasing amount of genomic sequence data available, reflected by high 
homology of most CDSs to conserved hypothetical proteins from the recently sequenced 
NTHI genomes. There are currently 31 H. influenzae genome projects online 
(www.genomesonline.org, August 2010), providing a wealth of data for sequence 
comparisons. However, it is important to consider that many of these strains have been 
sequenced using high-throughput pyro-sequencing technologies, resulting in tens of 
thousands of short sequence reads. Partial assembly and annotation using automated 
annotation pipelines is likely to have resulted in propagation of missassigned features. As 
a result, extra care must be taken in inferring CDS annotation based on homology results, 
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the importance of which became obvious during manual curation of the F3031 
annotation. 
 
Despite a significant reduction in the number of strain-specific features discovered 
through annotation of the BPF clone strain F3031 genome, it is apparent that genome 
sequencing still has the power to reveal new features that may encode novel biosynthetic 
pathways and contribute to strain-specific biology. Novel fimbrial operons, 
autotransporter genes and genes of unknown function, suggest that this strain encodes 
proteins that may potentially play a crucial role in this organism‟s pathogenicity. 
Evaluating the role that these genes may play in the virulence of the BPF clone is the next 
important step in characterising the unique features of this strain. 
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Comparative genome analysis of two 
Haemophilus influenzae biogroup Aegyptius 
strains: F3031 and F3047 
 
 
In this chapter the complete genome sequence of the invasive Brazilian Purpuric Fever 
(BPF) clone of Haemophilus influenzae biogroup Aegyptius (Hae) strain F3031 is 
compared to the non-invasive conjunctivitis-causing strain F3047 of Hae. This whole 
genome comparison allows an opportunity to investigate variation between these two 
strains and how this may underlie differences in pathogenicity. The two Hae strains 
F3031 and F3047 were sequenced by the Pathogen Sequencing Unit (PSU) at the 
Wellcome Trust Sanger Institute (WTSI) by whole genome shotgun sequencing. The 
annotation of BPF clone strain F3031, described in Chapter 3, was transferred to the 
F3047 strain, which in turn was manually curated. Comparison of these two genome 
sequences revealed all differences in genome structure and organisation and, importantly, 
loci unique to each strain that may underlie their very different pathogenic phenoptypes.  
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4.1 Introduction 
 
The genome is more than just a collection of genes and can be interpreted to reveal 
information about the lifestyle of a particular organism. Comparative genomics is a 
powerful technique that provides insight into bacterial evolution and differences in 
genome structure and content. In this way, understanding what differentiates pathogenic 
from non-pathogenic species has been a major focus of comparative genomics. 
Comparisons of closely related bacteria have revealed that in most cases the genomic 
backbone is homologous, but that homology is disrupted with lineage-specific islands of 
acquired DNA interspersed throughout the genome (Primrose, 2008). It is these regions 
that harbour strain-specific features that may play an important role in defining the 
organism‟s lifestyle. Genomes of pathogenic strains are often 590-800 kb larger than 
laboratory strains due entirely to the amount of this island DNA, but comparative 
genomics has revealed that sometimes pathogenic strains have undergone extensive 
genome decay, for example host-restricted species of Bordatella described in Section 
1.7.4 (Cole et al., 2001; Thomson et al., 2008). 
 
To understand the functional status of a genome it is important to consider not only what 
coding sequences are present or absent, but also regulation of expression of these genes, 
for example through the identification of contingency loci and recognition of 
pseudogenes, which are discussed separately below. 
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4.2 Results 
 
4.2.1 General genome features 
The BPF-causing Hae strain F3031 and conjunctivitis Hae strain F3047 each harbour a 
circular chromosome of approximately 2 Mb. They were sequenced and annotated. In 
addition, strain F3031 harbours a ~24 MDa typical broad host-range conjugative plasmid, 
which has been previously sequenced and characterised (Kroll et al., 2002). The F3031 
plasmid does not appear to harbour any virulence factors and has also been identified in 
non-BPF causing strains of Hae, and so was excluded from further analysis. General 
genome features of these two Hae strains are summarised in Table 4.1. The genomic 
sequence of the BPF clone strain F3031, described in Chapter 3, contains 1,985,832 bp, 
slightly smaller than the F3047 genome at 2,002,200 bp, but appears to encode a greater 
number of CDS features (1,834 in F3031 and 1,829 in F3047). G+C percentage was 
identical, as were coding density and number of structural RNAs. The total number of 
pseudogenes identified was 29 in strain F3031 and 32 in strain F3047 (Table 4.1). 
Overall, the two Hae genomes are of similar size, coding density and G+C content. 
 
Table 4.1 Genome features of Hae strains F3031 and F3047.  
Feature Hae 
F3031 
Hae 
F3047 
Size 1,985,832 2,002,200 
G+C (%) 38.22 38.22 
No. of CDS 1834 1829 
Coding density 85% 85% 
Pseudogenes 29 32 
rRNA operons 6 6 
tRNA operons 58 58 
Plasmid yes no 
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4.2.2 Whole genome comparison of Hae F3031 and Hae F3047 
The F3031 and F3047 comparison was generated from amino acid matches between the 
complete six-frame translation computed using TBLASTX, and visualised using the 
Artemis Comparison Tool (ACT) (Carver et al., 2005). The genomes are largely 
congruent, shown by the red and blue bars linking the majority of the genome sequences 
(Figure 4.1). There appear to be three small inversions between the two genomes, 
represented by the blue coloured bars. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Global comparison between the BPF clone of Hae F3031 and conjunctivitis Hae isolate F3047 
ACT comparison. Forward and reverse strands of DNA are shown for each genome (light grey horizontal 
bars). Individual TBLASTX matches are represented by the red bars, and inverted matches are coloured 
blue. 
 
F3031
F3047
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Using the „Select all features in non-overlapping regions‟ tab in ACT all features present 
in one of the two chosen genomes were listed, enabling a closer examination of strain-
specific features. In order to increase the stringency and accuracy of the analysis, each 
CDS listed in this way was identified within the corresponding genome and confirmed 
individually. The two Hae strains shared 1719 (over 93%) of all CDS features, and the 
number strain-specific CDSs were similar for each genome. A total of 116 CDS features 
were present in the BPF clone strain F3031 but absent from the F3047 genome, and 111 
CDS features were unique to F3047 in this comparison (Figure 4.2). This is substantially 
fewer than in the F3031 comparison to NTHI strain 86-028NP described in Chapter 3, 
which showed 272 and 242 strain-specific features, respectively. Similar results (>250 
NTHI-specific features) were reported in the comparative analysis of NTHI strain 86-
028NP to H. influenzae strain Rd KW20 (Harrison et al., 2005). The Hae genomes share 
more genes and are more closely related to each other than to other H. influenzae strains.  
 
                                   
Chapter 4 
 
149 
 
 
Figure 4.2 Summary of strain-specific features. Graphical representation of CDS features shared between 
the two Hae strains (1719 genes), 116 F3031-specific genes, and 111 F3047-specific genes. The associated 
pie charts show the breakdown of the functional groups assigned to CDSs in F3031 and F3047-only 
regions. Colour codes correspond to the following functional groups: (1) blue, laterally acquired; (2) red, 
pathogenicity and virulence; (3) green, conserved hypothetical protein; (4) purple, genetic information 
processing; (5) teal, protein of unknown function; (6) orange, metabolism; (7) light blue, transport and 
binding.  
 
 
Classification of all F3031 and F3047-specific features revealed a very similar 
distribution of CDSs across the 7 functional groups (Figure 4.2). In both cases the 
majority (>50%) of strain specific features belonged to large regions of laterally acquired 
bacteriophage insertions, the next most abundant being conserved hypothetical proteins. 
These strain-specific features will be considered individually for each genome. 
 
 
116 1718 111
F3031 F3047
1 2 3 4 5 6 7
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4.2.3 Gene sets present in Hae F3047 but not Hae F3031 
A total of 111 genes, distributed across 21 different loci and amounting to 142.17 kbp, 
were identified in the conjunctivitis strain F3047 genome but were absent from the BPF 
clone strain F3031 genome. Table 4.2 describes the size and number of CDSs at each 
locus, and the putative function encoded by each CDS based on homology of the deduced 
amino acid sequence to proteins in other organisms. Functional classification of these 
CDSs is depicted in the pie chart in Figures 4.2 and 4.3.  
 
F3047-specific CDSs varied in number from 1 to 31 at any particular locus, labelled 
CON1 to CON20 in Table 4.2. Where >1 CDS was present the genes tended to encode 
proteins that function together, and likely to form part of an operon. For example, 9 genes 
were identified at locus CON6, 8 of which encode products with homology to proteins 
involved in LOS biosynthesis. At locus CON15, 4 genes are present adjacent to each 
other, each of which encoding a product involved in pilus formation. The 3 largest loci 
(CON7, 16 and 20) are between 24 kb and 36 kb in size and comprised regions of phage 
insertions. Two of these phage regions, CON7 and HICON16, are entirely unique to 
strain F3047, and HICON20 is partially present in strain F3031. These phage regions will 
be considered first. 
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Table 4.2 Loci present in the F3047 genome but absent from F3031. Features characterised and closest 
homologues listed by % amino acid identity (% ID). Phage loci are shaded but CDSs not listed 
individually.  
 
 
CON No. of Position Size HICON Putative product % ID Closest
locus CDSs F3047 Kb ID homologue
1 1 153761 1.1 HICON01390 Transposase 94 NTHI R2866
2 4 410822 4.1 HICON03640 Putative glycerate kinase 99 NTHI R2866
HICON03650 Conserved hypothetical protein 100 NTHI 86-028NP
HICON03660 Conserved hypothetical protein 99 Rd KW20
HICON03670 Conserved hypothetical protein 100 NTHI 22.4-21
3 1 488972 0.57 HICON04240 Cell filamentation protein (pseudogene) 96 Rd KW20
4 2 513759 0.63 HICON04510 Conserved hypothetical protein 100 Rd KW20
HICON04520 Virulence-associated protein C 100 Rd KW20
5 2 542095 0.69 HICON04770 Conserved hypothetical protein 46 Yersinia pestis
HICON04780 Conserved hypothetical protein 53 Yersinia pestis
6 9 597239 7.8 HICON05280 Conserved hypothetical protein 99 NTHI 22.4-21
HICON05290 dTDP-D-glucose 4,6-dehydratase 100 NTHI R2866
HICON05300 Undecaprenyl-phosphate galactosephosphotransferase 99 NTHI PittGG
HICON05310 N-acetylneuraminic acid synthase (pseudogene) 99 NTHI PittAA
HICON05320 Putative polysaccharide polymerase 87 NTHI 22.1-21
HICON05330 Predicted glycosyltransferases 99 NTHI R2866
HICON05340 Glycosyltransferases involved in cell wall biogenesis 99 Rd KW20
HICON05350 LOS biosynthesis protein (pseudogene) 98 Rd KW20
HICON05360 Chain length determinant protein (pseudogene) 98 NTHI R2866
7 31 776311 34.7 Phage region NTHI 86-028NP
8 1 833569 0.75 HICON07410 Conserved hypothetical protein 98 NTHI 86-028NP
9 2 845337 3.6 HICON07530 Cytochrome C-like protein 99 NTHI 22.4-21
HICON07540 Biotin sulfoxide reductase 99 NTHI 22.4-21
10 2 1068221 1.3 HICON09570 Conserved hypothetical protein 97 Rd KW20
HICON09580 Transposase 98 Rd KW20
11 1 1237641 0.33 HICON11430 Growth inhibitor, PemK-like 85 Hameophilus parasuis
12 1 1501364 2.8 HICON13720 CaaA7 trimeric autotransporter adhesin 37 Pasteurella Mutocida 
(pseudogene, frameshift: GCAA x23) (fragment)
13 2 1629772 1.1 HICON14780 Unknown protein,no known homologues - -
HICON14790 Putative transposase 97 Rd KW20
14 2 1644821 0.64 HICON14870 Plasmid maintenance system killer protein 99 NTHI 86-028NP
HICON14880 Virulence-associated protein A 100 Rd KW20
15 7 1667006 3.4 HICON15030 Aef4A putative F17-like fimbrial subunit 38 Escherichia coli 
HICON15020 Aef4B putative F17-like fimbrial chaperone 53 Hae
HICON15010 Aef4C pilus assembly protein 47 Escherichia coli 
HICON15000 Aef4D F17-G fimbrial adhesin 64 Escherichia coli 
1668264 HICON15040 Putative ABC transport protein 71 NTHI PittGG
HICON15050 Putative iron compound ABC transporter 99 Rd KW20
HICON15060 ABC transporter ATP-binding protein 99 Rd KW20
16 27 1685737 31 Phage region various NTHI
17 1 1794400 0.24 HICON16510 Site-specific DNA methylase 97 R2866
18 2 1840315 0.96 HICON16860 Modification methylase HaeII 99 NTHI 86-028NP
HICON16870 Type II restriction enzyme HaeII 99 NTHI 86-028NP
19 1 1985491 9.2 HICON18240 Conserved hypothetical protein 88 NTHI 86-028NP
20 1 1965460 0.76 HICON18100 Transposase 96 Rd KW20
21 11 1965460 36.5 Phage region NTHI 86-028NP
Total: 111 CDSs 142.17 Kb
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Figure 4.3 Functional classification of F3047-specific CDSs into 7 groups: Laterally acquired (blue); 
pathogenicity and virulence (red); conserved hypothetical (green); genetic and information processing 
(purple), transport and binding (teal); cell metabolism (orange); and unknown, no known homologues (light 
blue). Total numbers of CDS features in each group indicated in ().  
 
Bacteriophages, as discussed in Chapter 3, are known to drive diversity in bacteria, and 
frequently carry cargo genes. Phage cargo consist of genes acquired when a phage inserts 
itself into a genome, and may encode genes which confer a selective advantage under 
certain niche conditions. Closer examination of the 69 genes present within the 3 phage 
regions specific to F3047 (CON7, 16 and 21) revealed that the majority encoded phage 
proteins interspersed with a few conserved hypothetical proteins with homology to phage 
and hypothetical proteins identified in other strains of Haemophilus. An example of this 
is HICON18240 (CON19), an unusually large 343 kDa protein (3038 residues), which 
had fragmented regions of high homology to 3 separate protein entries from NTHI strain 
22.4-21, a nasopharyngeal isolate (Erwin et al., 2005), but very little homology to 
Laterally acquired (69)
Pathogenicity and virulence (17)
Conserved hypothetical (10)
Genetic information processing 
(7)
Transport and binding (4)
Metabolism (3)
Unknown function (1)
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anything else in the databases (Figure 4.4). Strain 22.4-21 was sequenced as part of an H. 
influenzae pan genomic study using 454-pyrosequencing technology to 19x read 
coverage, resulting in 69 contigs from first pass assembly (Hogg et al., 2007). Homology 
of HICON18240 to three separate protein entries from 22.4-21 is likely to be artefactual, 
due to a split CDS resulting from the sequencing and assembly methods. This emphasizes 
the importance of using complete genome sequences for meaningful bioinformatic 
analysis of gene content. Protein analysis using InterProScan did not show any domain or 
motif matches to anything in the databases, providing another example of how genomics 
can reveal novel proteins contributing to the diversity of bacterial strains. This unusual 
protein does not appear to be widespread in H. influenzae genomes and provides an 
example of the value of genome sequencing in identifying novel genes whose function 
may contribute to our understanding of strain adaptation. 
 
 
Figure 4.4 BLASTP result showing homology of the 343 kDa protein to proteins present in the public 
databases. Percentage sequence identity of three fragments of highest homology, each to a different protein 
in NTHI strain 22.4-21. 
 
In addition to the laterally acquired phage insertions, a large percentage of the remaining 
36 F3047-specific CDSs encode putative products that may play a role in pathogenicity 
and virulence (17 CDSs, 15%) or are conserved hypothetical genes (10 CDSs, 9%), 
84% 97% 84%
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(Figure 4.3).  The proteins encoded by these CDSs showed significant amino acid identity 
to proteins in other organisms with a role in host-pathogen interactions, including 
adhesins, chaperones, and genes involved in LOS biosynthesis. As in the BPF clone 
strain F3031 genome described in Chapter 3, the F3047 genome encodes examples of 
novel autotransporter and fimbrial adhesins. An F3047-specific putative TAA, CaaA7, 
was identified at locus CON12, and novel fimbrial operon, Haef4, at locus CON15.  
 
A single 2.8 kb CDS (HICON13720) is present at locus CON12, whose deduced amino 
acid sequence did not share homology to proteins in other organisms. Protein domain 
analysis, using InterProScan, revealed a 3-domain architecture distinctive of TAAs, 
including an N-terminal signal peptide, an internal passenger domain, and a characteristic 
C-terminal translocator domain, named CaaA7 (Figure 4.5). As introduced in Chapter 3, 
TAAs are a newly recognized family of bacterial autotransporters, which have been 
shown to play a role in bacterial adhesion, invasion, cytotoxicity and serum resistance. 
These interesting proteins are discussed in detail in Chapter 6. 
 
Figure 4.5 ACT screenshot of CaaA7. The CDS is present in the F3047 genome (below) but absent from 
F3031 (above). Flanking genes (yellow and green), shown in 6 reading frames, are homologous in both 
strains. Pfam protein domain matches (blue) within the CDSs. A 5‟-GCAA-3‟ SSR repeated 22 times 
within caaA7 results in the CDS being out-of-frame. 
F3031
F3047
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Locus CON15 consists of 7 CDSs, 4 of which form part of the new putative fimbrial 
operon named Aef4, and 3 that appear to encode components of an ABC transport system 
(Table 4.2, Figure 4.6). Aef4 encodes 4 proteins with low sequence identity (38-64%) to 
E. coli F17G-like fimbriae and to the haf alleles of Hae. Fimbrial adhesins contribute to 
bacterial colonization, and the H. influenzae fimbrial gene cluster (hif or haf) mediates 
adherence to sialic acid-containing lactosylceramide structures on epithelial cells. 
Differences in the sequence, in particular of the adhesin, suggest that these proteins have 
evolved different receptor specificity. Aef4 will be described in further detail in  
Chapter 5. 
 
 
Figure 4.6 F3047-specific locus 15 and comparison to F3031. Homologous flanking genes comprise DNA 
gyrase subunit A gene (HIBPF06490) and a methyltransferase (HIBPF06530). F3047 fimbrial operon aef4 
consists of 4 genes aefA-D: aef4A, fimbrial subunit; aef4B, fimbrial chaperone; aef4C, pilus assembly 
protein; haef4D, fimbrial adhesin. 3 genes (grey) comprise ABC-type transport system. F3031 locus has 
instead 2 conserved hypothetical genes (orange) with homologues in NTHI 86-028NP. 
 
At locus CON6, nine CDSs encode proteins that appear to be involved in LOS 
biosynthesis, but are absent from F3031. Each gene had a high match to homologues in 
other H. influenzae, although 3 of these 9 genes were either fragmented or truncated and 
present in the F3047 genome as pseudogenes (HICON05310, HICON05350, and 
HICON05360). Assuming no sequencing error, loss of function suggests that these genes 
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were not selected for during the evolution of F3047 and may not important in survival of 
this strain.  
 
Two loci, CON17 and CON19, comprise 3 CDSs whose products form part of RM 
systems. CON19 encodes the restriction modification type II methylase and 
endonuclease, HaeII, both absent from F3031. All of these genes had very high amino 
acid sequence identity to genes present in other H. influenzae strains. 
 
Only 7 of these CDSs were unique to F3047 (at loci: CON5, 11, 12 and 15), in that they 
are not found in any other H. influenzae genomic data currently in the GenBank public 
databases. Those of particular interest are the putative TAA CaaA7 (HICON13720), and 
Haef4 encoding proteins with homology to E. coli fimbrial proteins (HICON15030, 
HICON15010, and HICON15000). These form part of the F3047 accessory genome, the 
focus of Chapter 5.  
 
The majority of F3047 CDSs that were absent from F3031 had high homology (71-100%) 
to genes present in other NTHI strains. This may reflect the divergence of non-
encapsulated strains from encapsulated strains prior to the more recent acquisition of 
NTHI-specific features. MLST studies have demonstrated that Brazilian conjunctivitis-
causing strains of Hae are phylogenetically most closely related to other strains of NTHI 
(see Section 1.2.3; Figure 1.2). Overall, strain F3047 appears to harbour an even greater 
number of previously unidentified adhesins in addition to those commonly present in 
strains of NTHI.  
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4.2.4 Gene sets present in Hae F3031 but not Hae F3047 
The BPF clone strain F3031 genome encodes 116 CDSs (< 6% of total), present at 21 
different loci, which are absent from the conjunctivitis strain F3047 genome (Table 4.3). 
Assignment of putative function for each of these CDSs showed that laterally acquired 
genes were over-represented in the F3031-specific regions (Figure 4.6). These consist 
primarily of phage insertions, including a genomic island at locus BPF2, previously 
characterised to be unique to BPF clone strains of Hae (McGillivary et al., 2005b), but 
that has since been identified in other NTHI genome sequences (see Section 3.2.2.1). 
 
The bacteriophage region present at locus BPF1 was completely absent from strain 
F3047, and encodes genes with homology to the HP1, HP2 and S2-like group of H. 
influenzae phage. Despite significant homology to genes in HP1, HP2 and S2, this 
appears to be a new temperate prophage, and has been named HP3. The HP1/S2 group of 
bacteriophage, which lyosogenizes exclusively Rd strains, is well characterised, and more 
recently the temperate prophage HP2 has been identified in NTHI strains associated with 
unusual virulence (Williams et al., 2002).  The HP3 phage appears to be closely related to 
both HP1 and HP2. Its chromosome is 32.4 Kb large, the same size as HP1 and 1 Kb 
larger than HP2, and contains 35 coding sequences, fewer than HP2 and HP3 which 
contain 36 and 41 genes, respectively. The organisation of CDSs is similar to HP1 and 
HP2 with small differences in gene sequence and content, suggesting divergence 
occurred by recombination between each other. Four CDSs appear to be unique to Hae 
F3031, 3 of which (HIBPF00900, 00910 and 01260) show homology to plasmid 
maintenance systems in organisms other than H. influenzae. The fourth CDS 
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(HIBPF00881) encodes a hypothetical protein with 60% identity to NMB1119 from the 
sequenced genome of the invasive (septicaemia/meningitis) pathogen Neisseria 
meningitidis MC58.  
 
Table 4.3 Loci present in the F3031 genome but absent from F3047. Features characterised and closest 
homologues listed by % amino acid identity (% ID). Phage loci shaded but CDSs not listed individually.   
 
 
 
BPF No. of Position Size HIBPF Putative product % Closest
locus CDSs F3031 Kb ID ID homologue
1 35 85874 32.4 Phage region HP3 HP1/HP2/S2-like
2 38 419171 34.1 BPF genomic island 100 Hae BPF
3 1 486259 0.34 HIBPF05360 Unknown protein, no known homologues - -
4 2 581802 1.9 HIBPF06250 Conserved hypothetical protein 71 Aggregatibacter aphrophilus
HIBPF06260 Insertion element IS1016-V6 100 Hae BPF
5 2 585789 0.53 HIBPF06350 DNA-damage-inducible protein J, negative regulator of translation 54 Mannheimia hemolytica
HIBPF06351 RelE toxin-like protein, plasmid stabilization system 64 Aggregatibacter
actinomycetemcomitans 
6 1 598087 0.64 HIBPF06460 Putative outer membrane autotransporter barrel (pseudogene) 64 Neisseria lactamica 
7 2 604099 2.3 HIBPF06510 Conserved hypothetical protein 100 NTHI 86-028NP
HIBPF06520 Conserved hypothetical protein 100 NTHI 86-028NP
8 2 611607 1.1 HIBPF06580 Bpf001 putative adhesin 96 Hae  BPF; HK1212 (90%)
HIBPF06600 Bpf002 conserved hypothetical protein 100 Hae BPF
9 10 805244 10.7 HIBPF08610 TonB-dependent receptor 97 NTHI 22.4-21
HIBPF08620 TonB-dependent receptor 99 NTHI PittAA
HIBPF08630 ABC transporter ATP-binding protein 99 Rd KW20
HIBPF08660 ABC transporter related protein 98 NTHI R2846
HIBPF08670 Vitamin B12 transporter subunit: membrane component of ABC 98 NTHI R2846
superfamily
HIBPF08680 Periplasmic binding protein 98 NTHI R2846
HIBPF08690 ModD putative pyrophosphorylase 98 NTHI R2846
HIBPF08700 ABC transporter related protein 100 Rd KW20
HIBPF08710 Binding-protein-dependent transport system, inner membrane 98 NTHI R2846
component
HIBPF08720 Bacterial extracellular solute-binding protein 99 NTHI R2846
10 6 867066 6.1 Phage region
11 1 1050828 0.4 HIBPF11120 Conserved hypothetical protein 95 Rd KW20
12 2 1167853 3.7 HIBPF12220 MetH protein (pseudogene) 85 A. aphrophilus
HIBPF12260 Predicted P-loop ATPase (pseudogene) 99 NTHI R2866
13 1 1260156 1.6 HIBPF13250 Conserved hypothetical protein 75 M. hemolytica
14 1 1530528 0.4 HIBPF16090 PsiE predicted phosphate starvation inducible protein 98 NTHI R2846
15 1 1558017 0.9 HIBPF16301 LysR-family transcriptional regulator 100 NTHI 22.4-21
16 2 1592760 2.4 HIBPF16620 Adenine-specific methyltransferase (pseudogene), GCAA x32 63 M. hemolytica
HIBPF16630 HNH endonuclease 71 M. hemolytica
17 2 1613257 4.8 HIBPF16840 Putative type III restriction-modification system endonuclease 98 NTHI R2866
HIBPF16860 Putative type III restriction-modification system methyltransferase 97 NTHI 22.4-21
18 2 1694049 1.1 HIBPF17711 Conserved hypothetical protein 53 N. meningitidis FAM18
HIBPF17712 Conserved hypothetical protein 49 N. meningitidis FAM18
19 3 1719080 3.7 HIBPF18000 Putative adenine-specific DNA methylase 56 Mycoplasma spp.
HIBPF18010 Putative adenine-specific DNA methylase 52 Mycoplasma spp.
HIBPF18040 Putative endonuclease 44 Mycoplasma spp.
20 1 1831028 0.77 HIBPF19140 HadA trimeric autotransporter adhesin 100 Hae BPF
21 1 1921541 0.29 HIBPF20030 Conserved hypothetical protein 77 A. aphrophilus 
Total: 116 CDSs 110.07 Kb
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In addition to phage genes, the BPF clone strain F3031 also encodes the insertion 
sequence (IS) IS1016, which is absent from the F3047 genome. IS1016 is a mobile 
genetic element that flanks the capsulation locus (cap) in invasive H. influenzae type b 
(Hib) strains. Capsule is an important virulence factor in H. influenzae, and it was 
originally thought that BPF clone strains might produce a polysaccharide capsule, since a 
cap probe was found to hybridise with BPF clone DNA. However, it was later 
demonstrated that hybridisation of the cap probe to BPF clone strains was due to 
presence of the insertion element IS1016, and the BPF clone lacked any cap genes 
(Dobson et al., 1992). It has been suggested that NTHI strains that harbour IS1016 might 
have virulent properties through co-acquisition of factors permitting invasion (Karlsson 
and Melhus, 2006b). In F3031, it is intriguing that adjacent to IS1016 is a novel TAA 
protein, which will be discussed in detail in Chapters 5 and 6. 
 
Figure 4.6 Functional classification of F3031-specific coding sequences into 7 groups: Laterally acquired 
(blue), Pathogenicity and virulence (red), Conserved hypothetical (green), Genetic and information 
processing (purple), Transport and binding (teal), Cell metabolism (orange), and Unknown function, no 
known homologues (light blue). Total numbers of CDS features in each group indicated in ().  
Laterally acquired (79)
Pathogenicity and virulence 
(7)
Conserved hypothetical (8)
Genetic information 
processing (8)
Transport and binding (10)
Metabolism (3)
Unknown function (1)
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Three different F3031-specific loci (BPF5, BPF8 and BPF20) encode a total of 6 CDSs 
with homology to genes that may be involved in pathogenicity and virulence in other 
organisms. The first locus, BPF5, comprises 2 genes that have not been found in other H. 
influenzae genomes, one with low amino acid sequence identity (54%) to the DNA-
damage-inducible protein J, a negative regulator of translation in Mannheimia spp., and 
the other with 64% identity to the RelE toxin-like protein in Aggregibacter spp. and 
Haemophilus parasuis. The second locus, BPF8, comprises two previously identified 
BPF clone-specific genes, bpf001 and bpf002 (Li et al., 2003). BLASTP analysis 
revealed that these genes are in fact also present in the clinical NTHI strain 3655, isolated 
from a case of otitis media. Finally, a single CDS at locus BPF20 encodes HadA, a very 
recently described TAA that has been shown to play a role in adherence and invasion of 
Chang epithelial cells. This study confirms the presence of HadA in strain F3031 but not 
Hae F3047, supporting a possible BPF-specific role in virulence (Serruto et al., 2009b).  
 
Three restriction modification (RM) systems were present in strain F3031 but absent 
from strain F3047 (BPF loci 16, 17 and 19), two of which did not have homologues in 
any other H. influenzae strains. Each locus comprised a methyltransferase and an 
endonuclease. The first RM system, identified at locus BPF16, showed closest similarity 
to an adenine-specific methyltransferase and endonuclease from Mannheimia hemolytica 
(63% and 71% identity, respectively). The methyltransferase appears to be phase-variable 
as is associated with the tetranucleotide SSR 5‟-GCAA-3‟ repeated 32 times within the 
HIBPF16620 CDS in the sequenced genome, resulting in the gene being out-of-frame, 
hence not expressed. The other non-Haemophilus RM system, encoded at locus BPF19, 
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encodes 2 putative adenine-specific DNA methylase proteins and an endonuclease with 
low sequence identity to Mycoplasma spp. (44% to 56%). Finally, the third RM-system 
present in F3031 but not F3047 (locus BPF17) is an example of a type III RM system, 
with homologues in other NTHI strains. RM systems provide important mechanism of 
protecting the bacteria‟s own DNA by methylating residues within the restriction site, and 
destroying foreign DNA by cleaving it at specific sites which are not methylated. As a 
result, RM systems are likely to be species-specific and have a major impact on the 
acquisition of foreign DNA. 
 
Locus BPF9 comprises 10 genes, absent from F3047, encoding products which 
annotation suggests belong to the ABC transporter family, one of the largest known 
protein families in bacteria that couple with ATP hydrolysis to active transport a range of 
substrates. All genes had very high homology (≥97% identity) to those in other 
Haemophilus strains.  
 
Eight CDSs encoded proteins with homology to conserved hypothetical proteins in other 
strains. Locus BPF18 comprises two genes whose products share to hypothetical proteins 
in the genome of the virulent Neisseria meningitidis serogroup C strain FAM18 genome, 
but the function of these genes are as yet unknown. Finally, the proteins encoded by 2 
CDS features (HIBPF01110 within locus BPF1, and HIBPF05360 at locus BPF3) were of 
unknown function and did not have significant homology to any other proteins present in 
the public databases. 
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Comparison of Hae strains F3031 and F3047 reveals a similar number of strain-specific 
genes each. However, a greater number of the F3031-specific genes did not have 
homologues in other H. influenzae. Currently, 15 such genes are present in F3031, while 
only 5 were seen in F3047. These results support suggestions that the BPF clone is more 
distantly related to other H. influenzae strains than are conjunctivitis-causing strains of 
Hae (Meats et al., 2003). 
 
In addition to the BPF clone‟s possession of strain-specific genes, differences in 
phenotype between F3031 and F3047 may result from deletions within the genome. 
Comparative genomics of other bacterial genome sequences have revealed long-term 
genome decay as an evolutionary strategy of adaptation to the restricted lifestyle of the 
pathogen. Examples of this have been observed for serovars of Salmonella and strains of 
Mycobacterium leprae (Cole et al., 2001; Thomson et al., 2008). Gene loss may restrict 
the pathogenicity in the host to a more limited set of interactions and thus avoiding the 
potential stimulation of non-specific inflammation (Thomson et al., 2008). The first step 
in gene loss is deactivation of a gene as a result of the accumulation of mutations within 
it. Loss of gene function results in pseudogene formation, before the gene is lost from the 
genome altogether. As a result, identifying pseudogenes within the genomes can reveal 
clues about the different selection pressures acting on individual strains.  
 
4.2.5 Pseudogenes 
Bacterial genomes maintain a high density of functional genes because natural selection 
counters to erode and eventually eliminate non-functional regions. Selection depends on 
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the role of the gene in cell survival and replication, resulting in genes which make little 
contribution to fitness being more susceptible to inactivation through mutational 
disruption and deletion, as described in Chapter 3 (Ochman et al., 2000). In addition, 
changes in ecological niche may favour certain genes over others, which are then more 
likely to be inactivated and lost. Both Hae strains have a high coding density of 85%, 
which corresponds to other H. influenzae strains (Table 4.1). Manual curation of the 
F3031 and F3047 genome annotations revealed a total of 47 pseudogenes, 14 of which 
were shared between the two strains, and a total of 29 in F3031 and 32 in F3047 (Table 
4.4). This figure is greater than those described for other H. influenzae genomes 
(Fleischmann et al., 1995; Harrison et al., 2005). In each genome, 3 of these pseudogenes 
were strain-specific genes that were absent from the other strain (Table 4.4). That the two 
Hae strains share approximately half of their pseudogenes indicates that similar selective 
forces have resulted in inactivation of these genes. 
 
Amongst these pseudogenes is the bacteriocin haemocin (HMC) locus, present in both 
Hae genomes. In strain F3047 two genes within this locus are pseudogenes, inactivated 
by frameshift mutations (Table 4.4, numbers 34 and 35). HMC is produced by most type 
b-encapsulated strains of H. influenzae, and is toxic to virtually all NTHI strains (Murley 
et al., 1997). At least 5 genes are responsible for the production of HMC, its processing, 
export and immunity to the toxic effects of the protein, which include hmcABCD and 
hmcI, the HMC immunity gene. The locus appears to be intact in the BPF clone genome, 
but in F3047 it that hmcC and hmcD have lost their function. Studies in infant rats have 
demonstrated that HMC plays a role in the onset on invasive H. influenzae type b disease 
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(Murley et al., 1998), and may play an important role in the invasiveness of BPF, 
differentiating it from conjunctivitis strains. 
 
There appear to be a greater number of pseudogenes present in the Hae genomes than in 
other sequenced H. influenzae, although this could be an artefact of manual curation, 
which visually inspects each CDS and so is more likely to identify truncated or 
fragmented genes. Although genomic comparisons between invasive and non-invasive 
strains have revealed long-term genome decay as an evolutionary strategy of adaptation 
to the restricted lifestyle of the pathogen, this does not appear to be the case for the BPF 
clone of Hae as an equal number of pseudogenes are present in each of the Hae genomes 
and a similar number of total CDSs are encoded by each genome. 
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Table 4.4 Pseudogenes identified in the Hae genomes. Nature of each CDS represented by: i, intact; ψ, 
pseudogene; and a, absent. Fourteen pseudogenes shared between F3031 and F3047, fifteen F3031-specific 
(numbers 15 – 29), and eighteen F3047-specific (numbers 30 – 47).  
 
 
 
Number F3031 ID i/ψ/a F3047 ID i/ψ/a Gene Original product
1 HIBPF00060 ψ HICON02890 ψ Formate dehydrogenase, major subunit
2 HIBPF01920 ψ HICON12250 ψ hap Adhesion and penetration protein Hap
3 HIBPF04580 ψ HICON13590 ψ hsf Hsf-like protein fragment
4 HIBPF06670 ψ HICON15150 ψ Putative prophage repressor protein
5 HIBPF08080 ψ HICON17550 ψ b/caaA9 Trimeric autotransporter adhesin 9
6 HIBPF08550 ψ HICON16520 ψ ABC transporter, ATP binding domain
7 HIBPF11710 ψ HICON01920 ψ ccmH Cytochrome c-type biogenesis protein ccmH precursor
8 HIBPF12140 ψ HICON02340 ψ Predicted copper chaperone homolog fragment
9 HIBPF12220 ψ HICON02680 ψ metH MetH protein
10 HIBPF12890 ψ HICON04410 ψ 23S rRNA (uracil-5-)-methyltransferase rumB, fragment
11 HIBPF16460 ψ HICON07640 ψ eriC EriC chloride channel family
12 HIBPF17311 ψ HICON08320 ψ GABA permease
13 HIBPF09532 ψ HICON15720 ψ Putative uncharacterized protein, phage related
14 HIBPF07270 ψ HIBPF07270 ψ b/caaA4 Trimeric autotransporter adhesin 4
15 HIBPF00080 ψ HICON02900 i fdhE Formate dehydrogenase accessory protein FdhE 
16 HIBPF02910 ψ HICON11330 i Conserved hypothetical protein
17 HIBPF04791 ψ HICON13820 i Glucose-specific PTS system enzyme IIA component
18 HIBPF04971 ψ HICON13820 i Predicted choline-glycine betaine transporter
19 HIBPF06451 ψ NA a Putative outer membrane autotransporter barrel (N. lactamica )
20 HIBPF09527 ψ HICON15680 i Putative uncharacterized protein, phage related
21 HIBPF10940 ψ HICON01190 i baaA5 Trimeric autotransporter adhesin 5
22 HIBPF12260 ψ NA a Predicted P-loop ATPase
23 HIBPF13110 ψ HICON02450 i Conserved hypothetical protein
24 HIBPF16320 ψ HICON07490 i 2-methylthioadenine synthetase
25 HIBPF16620 ψ NA a Adenine-specific methyltransferase
26 HIBPF17800 ψ HICON08700 i lic2B Putative galactosyl transferase Lic2B
27 HIBPF19730 ψ HICON13240 i Putative protein-S-isoprenylcysteine methyltransferase
28 HIBPF20310 ψ HICON12750 i Selenide, water dikinase
29 HIBPF20490 ψ HICON12580 i Putative type I restriction-modification system
30 HIBPF04510 i HICON13530 ψ Predicted branched-chain amino acid permease
31 HIBPF04320 i HICON15380 ψ Cytosine-specific methyltransferase
32 HIBPF07760 i HICON17260 ψ Putative type IIS restriction enzyme
33 HIBPF07770 i HICON17270 ψ Putative type IIS restriction enzyme
34 HIBPF08502 i HICON16560 ψ hmcC Putative haemocin processing protein C 
35 HIBPF08501 i HICON16570 ψ hmcD Putative haemocin processing protein D
36 NA a HICON16060 ψ Putative uncharacterized protein, phage related
37 HIBPF12080 i HICON02280 ψ Putative type III restriction-modification system modification methylase
38 HIBPF12110 i HICON02310 ψ Conserved hypothetical, transcriptional regulator
39 HIBPF12150 i HICON02620 ψ Conserved hypothetical, transglutaminase domain-containing protein
40 NA a HICON05310 ψ N-acetylneuraminic acid synthase-like protein
41 HIBPF15461 i HICON06350 ψ lpsC Lipooligosaccharide biosynthesis protein
42 HIBPF04510 i HICON13530 ψ Predicted branched-chain amino acid permease
43 HIBPF04320 i HICON10390 ψ Cytosine-specific methyltransferase
44 NA a HICON02350 ψ Transglutaminase domain-containing protein
45 HIBPF09410 i HICON15810 ψ Putative uncharacterized protein, phage related
46 HIBPF09400 i HICON15820 ψ Putative uncharacterized protein, phage related
47 HIBPF09280 i HICON15940 ψ Putative uncharacterized protein, phage related
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While the total number of pseudogenes in each of the Hae genomes is greater than other 
H. influenzae genome sequences, these are still likely to be under-representations of the 
true number of pseudogenes due to the nature of genome annotation. In this case, 
identification of pseudogenes was based primarily on characterising frameshift mutations 
and by length polymorphism, if a gene was truncated to <80% the length of its closest 
homologues (Lerat and Ochman, 2004). It is likely that many more pseudogenes exist in 
the genomes that have not been identified, in particular those genes inactivated by 
missense mutations or changes in their regulatory regions. In addition, it is not possible to 
ascertain whether specific amino acid substitutions may result in deleterious mutations 
that impair gene function, unless it has been previously tested empirically.  
 
4.2.6 Contingency genes 
In addition to comparing the presence and absence of CDS features between the two 
genomes it is also important to consider regulatory regions that may affect gene 
expression. Phase-variation is an important mechanism affecting the expression of 
surface-exposed proteins, mediated by SSRs, introduced in Section 3.2.1.3. SSRs have 
been well described for H. influenzae genomes, and a recent study suggested that Hae 
possess a significantly greater number of tetranucleotide repeats than other H. influenzae 
strains (Power et al., 2009). A total of 53 SSR associated genes were identified in the 
F3031 genome and 52 in F3047 (Table 4.5). The F3047 genome lacks the trinucleotide 
5‟-TAA-3‟ SSR associated with the hemoglobin-haptoglobin binding proteins HgbpB and 
HgbpB2 in F3031. Two novel SSRs are associated with F3047-specific CDSs: the 
mononucleotide „G‟ SSR present in 11 copies upstream of aef4A, part of the novel 
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fimbrial operon present in strain F3047 but not F3031; and the tetranucleotide SSR 5‟-
GCAA-3‟ present in 23 copies upstream of the TAA caaA7. These novel adhesins will be 
discussed in greater detail in Chapters 5 and 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.5 SSRs and associated gene products in F3031 and F3047. When located in the CDS, the gene is 
either in frame or out-of-frame depending on the number of repeat units, indicated by Y (in frame) and N 
(out-of-frame) for F3031 and F3047, respectively. x indicates CDS absent. 
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Repeat F3031 no. F3031 ID F3047 no. F3047 ID Location In frame Gene Product
Mono 9 10
A 10 HIBPF00160 10 HICON02970 upstream - lepA GTP-binding membrane protein LepA
9 HIBPF00250 9 HICON03060 in CDS YY citXG CitXG, Apo-citrate lyase phosphoribosyl-dephospho-CoA transferase
T 12 HIBPF02730 12 HICON11470 upstream - aef2A Fimbrial protein, fimbrial operon 2
10 HIBPF00170 10 HICON08760 upstream - aef1A Fimbrial protein, fimbrial operon 1 
17 HIBPF05380 17 HICON14070 upstream - aef3A Major fimbrial subunit, fimbrial operon 3
12 HIBPF07270 10 HICON16820 upstream - b/caaA2 B/CaaA4 Trimeric autotransporter adhesin, pseudogene
G 13 HIBPF05270 20 HICON14020 in CDS YY b/caaA5 B/CaaA5 Trimeric autotransporter adhesin
9 HIBPF05220 8 HICON14000 in CDS NY Putative glycosyl transferase 
9 HIBPF20490 8 HICON12580 in CDS NY Putative type I restriction-modification system 
- - 11 HICON15030 upstream - aef4A Fimbrial protein, fimbrial operon 4 
Di 8 8
TA 5 HIBPF00060 4 HICON02890 in CDS NN Formate dehydrogenase-N, alpha subunit, nitrate-inducible
10 HIBPF10160 9 HICON01460 upstream - hafA HafA major pilus protein
10 HIBPF10160 9 HICON01450 upstream - hafB HafB periplasmic chaperone
10 HIBPF11230 9 HICON01460 upstream - hafA HafA major pilus protein
10 HIBPF11230 9 HICON01450 upstream - hafB HafB periplasmic chaperone
8 HIBPF06240 5 HICON14840 upstream - b/caaA1 B/CaaA1 Trimeric autotransporter adhesin
AC 5 HIBPF15740 5 HICON06630 in CDS YY UDP-2,3-diacylglucosamine pyrophosphatase
TG 5 HIBPF15670 5 HICON06580 in CDS YY DNA polymerase III alpha subunit
Tri 9 6
ACT 4 HIBPF17480 3 HICON08390 in CDS YY Protein chain elongation factor EF-G, GTP-binding
ATT 4 HIBPF16171 - - upstream - hgpB2 HgpB2, hemoglobin-haptoglobin binding protein 
4 HIBPF17250 - - upstream - hgpB HgpB, hemoglobin-haptoglobin binding protein
CAA 4 HIBPF01730 - - in CDS Yx Polyribonucleotide nucleotidyltransferase
4 HIBPF16300 4 HICON07470 in CDS YY DNA helicase and single-stranded DNA-dependent ATPase
TGG 4 HIBPF05100 4 HICON13920 in CDS YY lsgE Putative UDP-galactose--lipooligosaccharide galactosyltransferase
TGT 4 HIBPF11360 4 HICON01600 in CDS YY UDP-N-acetylmuramate:L-alanine ligase
CAA 4 HIBPF01730 3 HICON12430 in CDS YY Polyribonucleotide nucleotidyltransferase
GCA 4 HIBPF01600 2 HICON12510 in CDS YY Inosine-5'-monophosphate dehydrogenase
Tetra 20 21
CAAT 17 HIBPF01690 32 HICON12440 in CDS NN Putative glycosyltransferase 
21 HIBPF03020 21 HICON11220 in CDS YY CMP-Neu5Ac--lipooligosaccharide alpha 2-3 sialyltransferase
31 HIBPF08820 17 HICON16410 in CDS NY licA LicA, choline kinase involved in LOS biosynthesis
26 HIBPF09080 16 HICON16140 in CDS NY licA LicA, choline kinase involved in LOS biosynthesis 
14 HIBPF17770 13 HICON08670 in CDS NY Lipooligosaccharide biosynthesis protein 
- - 21 HICON03700 in CDS xN Conserved hypothetical protein
- - 15 HICON17020 in CDS xY Putative glycosyltransferase
CCAA 10 HIBPF07480 15 HICON17020 in CDS YY Putative glycosyltransferase
20 HIBPF16171 10 HICON07360 in CDS NN hgpB2 HgpB2 hemoglobin-haptoglobin binding protein 
29 HIBPF16710 24 HICON07860 in CDS NN hgpC HgpC hemoglobin-binding protein 
15 HIBPF17250 13 HICON08280 in CDS NN hgpB HgpB hemoglobin-haptoglobin binding protein
CAAA 14 HIBPF07130 12 HICON16690 in CDS NN b/caaA3 B/CaaA3 Trimeric autotransporter adhesin
15 HIBPF10940 30 HICON01190 upstream - b/caaA5 B/CaaA5 Trimeric autotransporter adhesin, pseudogene in F3031
3 HIBPF15821 3 HICON06710 in CDS YY Nitrate/nitrite response regulator protein
GCAA 14 HIBPF14450 24 HICON05410 in CDS NN b/caaA6 B/CaaA6 Trimeric autotransporter adhesin
14 HIBPF15560 31 HICON06460 upstream - lex2B Lex2B UDP-glucose--lipooligosaccharide glucosyltransferase
32 HIBPF16620 - - upstream - Adenine-specific methyltransferase, pseudo
TTGC 32 HIBPF16610 - - upstream - htpX HtpX Heat shock protein HtpX, reverse of above
GCAA 26 HIBPF18740 19 HICON09610 in CDS NY las Las Autotransporter protein Las
11 HIBPF19430 11 HICON10210 in CDS YY Acyltransferase
3 HIBPF01360 19 HICON03690 in CDS NN b/caaA8 B/CaaA8 Trimeric autotransporter adhesin 
- - 23 HICON13720 in CDS xN caaA7 CaaA7 Trimeric autotransporter adhesin
GACA 8 HIBPF02020 24 HICON12150 in CDS YY UDP-galactose--lipooligosaccharide galactosyltransferase
Penta 3 3
TTATT 3 HIBPF05060 3 HICON13880 in CDS YY lsgA lsgA, Polysaccharide biosynthesis protein
3 HIBPF13700 3 HICON04640 in CDS YY nrfE NrfE, cytochrome c-type biogenesis protein
GACGA 10 HIBPF06860 3 HICON18060 in CDS YN hsdM3 HsdM3 putative type I restriction enzyme HindVIIP protein, 
pseudogene in F3047
Hexa 1 1
GGCAAT 12 HIBPF02080 8 HICON12090 in CDS YY hxuA HxuA heme/hemopexin-binding protein A
Octa 3 3
CAAATAAT 7 HIBPF05940 6 HICON14520 upstream - pdxS PdxS pyridoxal biosynthesis lyase
GCATCATC 15 HIBPF07160 12 HICON16720 upstream - hmw2A Hmw2A high-molecular weight protein
14 HIBPF12910 12 HICON16720 upstream - hmw1A Hmw1A high molecular weight adhesin 1
Total: F3031 53 F3047 52
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4.2.7 Genes present in both strains but variable 
Gene-by-gene visualisation of the ACT comparison depicted in Figure 4.1 revealed that 
62 of the 1716 genes shared between the two Hae strains exhibit considerable sequence 
variation. Characterisation of these genes, based on homology of their deduced amino 
acid sequence to proteins in public databases, demonstrated that the majority are surface-
exposed proteins, and so are likely to play a role in host-pathogen interactions and under 
higher selective pressure to diversify (Figure 4.7). 
 
Figure 4.7 Variable Hae genes encoding different functions. Functional groups included: Adherence and 
invasion (blue), iron acquisition (red), membrane protein (green), genetic information transfer (purple), 
LPS biosynthesis (light blue), other (orange). 
 
The repertoire of variable genes that are present in both strains has a different functional 
distribution in comparison to the strain-specific genes. Most of these genes encode 
proteins with homology to those involved in adherence and invasion in other organisms, 
and those involved in genetic information processing such as restriction modification 
systems, which are often strain-specific. Putative membrane proteins and conserved 
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hypothetical proteins (other) are also prominent (Figure 4.7; Table 4.6). Variation in 
genes involved in host-pathogen interactions is expected as different strains evolve to 
adapt to differing host selective pressures. Selected examples of putative virulence factors 
will be discussed individually. 
 
The F3031 igA1 gene (number 17, HIBPF12570 and HICON04100) has been previously 
cloned and sequenced and found to encode an IgA1 protease similar to the type 2 
proteases produced by H. influenzae serotype c and e strains (McGillivary et al., 2005a). 
Sequence alignment of IgA1 from Hae strains F3031 and F3047 revealed 65% amino 
acid identity across the whole protein, similar to that observed between IgA1 from 
different H. influenzae strains. When these Hae sequences were aligned to IgA1 from Rd 
KW20 and NTHI 86-028NP, 65% - 68% was observed between any 2 sequences, with 
the exception of IgA1 from F3047 and Rd KW20 sharing 88% sequence identity. The 
BPF clone F3031 IgA1 sequence was the most distinct. The protease domain is distinct 
from other Brazilian non-BPF Hae strains, which support the finding that antibodies to 
different IgA1 proteases from H. influenzae strains do not inhibit IgA1 cleavage by BPF-
specific IgA1 proteases (Lomholt and Kilian, 1995). 
 
The autotransporter protein Lav was identified in the genome of the invasive strain of 
NTHI, Int1, in a comparison to strain Rd KW20 (Davis et al., 2001). This putative 
virulence factor appears to be restricted to invasive strains of NTHI, including the BPF 
clone, in which a phylogenetically distinct variant exists, named Las (Davis et al., 2001). 
Las is also present in the F3047 genome (number 23, HIBPF18740 and HICON09610) 
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but with 74% amino acid identity between the protein sequences from the two Hae 
strains. Sequence variation may result from domain shuffling between the passenger 
domains of these autotransporter proteins. Such variation is likely to result from different 
selective pressures on these genes, which may conceivably underlie functional 
differences important to the unique pathogenic phenotypes exhibited by these strains. 
 
Opacity-associated protein A (OapA) (number 30, HIBPF02700 and HICON11500) is a 
surface-exposed lipoprotein that is responsible for the transparent colony phenotype that 
allows efficient colonization of the nasopharynx in the infant rat model of H. influenzae 
carriage (Weiser, 1993;Weiser et al., 1995). Inactivation of the oapA gene resulted in 
clearance of bacteria from the nasopharynx in the infant rat model (Weiser et al., 1995), 
and expression of the gene, from both Hib and NTHI strains, in E. coli conferred 
increased attachment to Chang epithelial cells (Prasadarao et al., 1999). However, OapA 
has not been shown to play a role in pathogenesis once the organism becomes invasive. 
OapA is conserved in both encapsulated and NTHI strains, and comparison of the 
deduced amino acid sequence showed that other than single amino acid substitutions the 
only significant difference was an insertion of 12 amino acids in Hib (Prasadarao et al., 
1999). OapA is also highly conserved in Hae, with 91% amino acid identity between 
strains F3031 and F3047, and up to 95% identity to OapA from other H. influenzae. 
 
Table 4.6 Genes present in both F3031 and F3047 but with considerable sequence variation. Systematic 
identification numbers in each genome given, gene name where known, and putative product based on 
homology to proteins in the public databases.  
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Number F3031 F3047 Gene Putative product
1 HIBPF10151 HICON01410 hafE HafE pilus protein
2 HIBPF10160 HICON00490 hafA HafA pilus protein
3 HIBPF10470 HICON00800 hup TonB-dependent receptor, beta-barrel domain
4 HIBPF11221 HICON01430 hafD HafD pilin protein
5 HIBPF11230 HICON01460 hafA HafA pilus protein
6 HIBPF11870 HICON02080 Bacterial extracellular solute-binding protein
7 HIBPF12080 HICON02280 Putative type III restriction-modification system HindVIP
8 HIBPF12910 HICON02380 hmw1A HMW1A, high molecular weight adhesin 1
9 HIBPF13000 HICON02410 Mu bacteriophage protein T
10 HIBPF12220 HICON02680 MetH protein, pseudogene
11 HIBPF00170 HICON02980 haef1A Fimbrial protein
12 HIBPF00330 HICON03140 Penicillin-binding protein 5 precursor
13 HIBPF00580 HICON03370 rec-2 Recombination protein 2
14 HIBPF01360 HICON03690 b/caaA8 B/CaaA8 Trimeric autotransporter adhesin
15 HIBPF01480 HICON03810 hsdS1 Type I site-specific restriction-modification system, subunit S
16 HIBPF12521 HICON04050 tbp2 Transferrin-binding protein 2
17 HIBPF12570 HICON04100 iga1 Iga1 protease type 2
18 HIBPF12701 HICON04220 Uncharacterised protein, not in other Hi
19 HIBPF14790 HICON05750 Soluble lytic murein transglycosylase
20 HIBPF16171 HICON07360 hgpB2 Haemoglobin-haptoglobin binding protein B
21 HIBPF16710 HICON07860 hgpC Haemoglobin-haptoglobin binding protein C
22 HIBPF17770 HICON08670 lic2A UDP-Gal--lipooligosaccharide galactosyltransferase
23 HIBPF18740 HICON09610 las Autotransporter protein Las
24 HIBPF19211 HICON10000 Opacity-related protein precursor
25 HIBPF19340 HICON10120 ompP1 Outer membrane protein P1
26 HIBPF19430 HICON10210 Acyltransferase
27 HIBPF19511 HICON10300 tolA Outer membrane integrity protein TolA
28 HIBPF03020 HICON11220 lic3A CMP-Neu5Ac--lipooligosaccharide alpha 2-3 sialyltransferase
29 HIBPF02730 HICON11470 aef2A Fimbrial protein Aef2A
30 HIBPF02700 HICON11500 oapA Opacity associated protein OapA
31 HIBPF20190 HICON12870 tatC Sec-independent protein translocase protein TatC
32 HIBPF0458 HICON13590 hsf Hsf-like protein fragment (pseudogene)
33 HIBPF05010 HICON13840 Conserved inner membrane protein
34 HIBPF05060 HICON13880 lsgA Polysaccharide biosynthesis protein
35 HIBPF05120 HICON13940 Putative membrane protein
36 HIBPF05270 HICON14020 b/caaA2 B/CaaA2 Trimeric autotransporter adhesin
37 HIBPF05510 HICON14120 Fimbrial protein
38 HIBPF05540 HICON14150 Inner membrane NADH-quinone reductase
39 HIBPF05570 HICON14180 rnfC Electron transport complex protein RnfC 
40 HIBPF05610 HICON14220 Predicted inner membrane peptidase
41 HIBPF05630 HICON14240 Predicted inner membrane protein
42 HIBPF05730 HICON14330 proP Predicted structural transport element
43 HIBPF05740 HICON14340 Carboxy-terminal protease
44 HIBPF06240 HICON14840 b/caaA1 B/CaaA1 Trimeric autotransporter adhesin
45 HIBPF09720 HICON10470 Recombinational DNA repair protein
46 HIBPF09100 HICON16110 licD LicD protein
47 HIBPF09060 HICON16160 Conserved hypothetical protein
48 HIBPF08850 HICON16370 Protease IV (signal peptide peptidase)
49 HIBPF08840 HICON16380 licD LicD protein
50 HIBPF08502 HICON16560 hmcC Haemocin processing protein C
51 HIBPF08501 HICON16570 hmcD Haemocin processing protein D
52 HIBPF07130 HICON16690 b/caaA3 B/CaaA3 Trimeric autotransporter adhesin
53 HIBPF07160 HICON16720 hmw2A HMW2A high-molecular weight protein
54 HIBPF07270 HICON16820 b/caaA4 B/CaaA4 Trimeric autotransporter adhesin
55 HIBPF07341 HICON16900 haeIII Modification methylase HaeIII
56 HIBPF07760 HICON17260 Putative type I restriction-modification system methyltransferase
57 HIBPF07770 HICON17270 Putative type IIS restriction enzyme
58 HIBPF08120 HICON17570 Conserved hypothetical protein
59 HIBPF08280 HICON17710 Exonuclease V (RecBCD complex)
60 HIBPF08281 HICON17710 Exodeoxyribonuclease V beta chain
61 HIBPF08410 HICON17820 Conserved hypothetical protein
62 HIBPF06860 HICON18060 Type I restriction enzyme HindVIIP M protein
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A prominent group of variable CDSs are putatively involved in adherence and invasion. 
In addition to previously identified H. influenzae adhesins, several novel loci were 
identified, including new fimbrial operons and TAA proteins. It has been suggested that 
particular combinations of adhesins and other virulence factors may contribute to the 
invasiveness of certain strains of H. influenzae (Rodriguez et al., 2003). Evaluation of the 
presence of known and novel adhesins associated with Hae reveals differences from other 
strains of H. influenzae.  
 
4.2.8 Hae adhesins 
Various adherence factors contribute to colonization and persistence of NTHI in the 
upper respiratory tract. Genes encoding adherence factors are more abundant in NTHI 
strains than in encapsulated strains, and it appears that strains of Hae encode an even 
greater number of diverse putative adhesins in comparison to strain Rd KW20 and NTHI 
86-028NP (Table 4.7). The conjunctivitis strain F3047 harbours the greatest number of 
adhesins, encoding an additional TAA (caaA7) and fimbrial operon (aef4) in comparison 
to the BPF clone isolate. Hae continues to be responsible for epidemic conjunctivitis 
worldwide, and greater adhesiveness is likely to contribute to successful colonization and 
persistence in this exposed niche.  
 
The assortment of adhesins present in H. influenzae varies considerably between strains 
and groups of strains. It has been shown that the hif gene cluster is more common among 
invasive type b strains than invasive NTHI strains, whereas the HMW adhesins, which 
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are not present in type b, may play a larger role in virulence in NTHI strains (Ecevit et 
al., 2004). Hae appears to be unique in possessing a duplication of the hif gene cluster 
(haf), as well as HMW adhesions and Hia. Many bacteria produce several adhesins with 
different receptor binding specificities, which is likely to be the case in Hae, whom 
appear to encode a complement of adhesins that are not only distinct from other H. 
influenzae strains, but vary between these two strains. These Hae-specific genes form 
part of the Hae accessory genome, the focus of the following Chapter. 
 
 
Table 4.7 Prevalence and distribution of established and novel adhesins in Hae, Rd KW20 and NTHI 86-
028NP genomes. (+) signifies that the gene is present but as a pseudogene. 
 
Gene Product H. influenzae NTHI
F3031 F3047 Rd KW20 86-028NP
Pilus mediated: fimbrial operons
pilABCD Type IV pilin secretion protein + + + +
hif/hafABCDE Haemagglutinating pilus + + - -
haf2ABCDE Haemagglutinating pilus + + - -
aef1ABCD Hae putative fimbrial operon 1 + + - -
aef2ABCD Hae putative fimbrial operon 2 + + - -
aef3ABCDEF Hae putative fimbrial operon 3 + + - -
aef4ABCD Hae putative fimbrial operon 4 - + - -
Non-pilus mediated: autotransporters & outer membrane proteins (OMP)
hia/hsf Adhesin/surface fibrils + + + -
hap Adhesion and penetration protein (+) (+) + +
igA1 Immunoglobulin + + + +
hmw1 High-molecular-weight-adhesin 1 + + - +
hmw2 High-molecular-weight-adhesin 2 + + - +
lav Autotransporter protein + + - +
b/caaA1 Trimeric autotransporter adhesin 1 + + - -
b/caaA2 Trimeric autotransporter adhesin 2 + + - -
b/caaA3 Trimeric autotransporter adhesin 3 + + - -
b/caaA4 Trimeric autotransporter adhesin 4 (+) + - -
b/caaA5 Trimeric autotransporter adhesin 5 (+) (+) - -
b/caaA6 Trimeric autotransporter adhesin 6 + + - -
caaA7 Trimeric autotransporter adhesin 7 - + - -
b/caaA8 Trimeric autotransporter adhesin 8 + + - -
b/caaA9 Trimeric autotransporter adhesin 9 (+) (+) - -
hadA Haemophilus adhesin A + - - -
ompP5 Outer membrane adhesin protein P5 + + + +
Total: 22 23 5 7
Hae
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4.3 Summary 
 
Whole-genome sequencing of the BPF clone strain F3031 and noninvasive Brazilian 
conjunctivitis strain F3047 of Hae has enabled assessment of all genomic differences 
between these two strains, and identification of uncharacterised but potentially important 
putative virulence-associated factors encoded within the BPF clone genome. Although 
general genome features are similar between these two strains of Hae, there are notable 
differences in gene content. The BPF clone strain F3031 appears to harbor a greater 
number of genes that do not have homologues in other H. influenzae strains and may 
have been acquired independently from other organisms by horizontal gene transfer. 
Furthermore, many of these F3031-specific CDSs encode proteins with homology to 
those in pathogenic bacterial species, such as invasive strains of N. meningitidis.  
 
Comparative genomics of these two Hae strains not only enabled identification of strain-
specific features that may contribute to their unique biology, but also identification of 
genes in common – but with considerable sequence variation – that are likely to play a 
role in host-pathogen interactions. H. influenzae evades the host immune system through 
antigenic variation of its surface antigens, which has been described for a variety of 
surface-exposed structures, such as H. influenzae fimbriae and LOS. Antigenic variation 
of surface-exposed structures enables strains of H. influenzae to evade the host immune 
system. Variation between strains in these genes is likely to result from different selective 
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pressures acting on these strains, and likely to reflect their very different pathogenic 
phenotypes. 
 
Phase-variation, gene-amplification, mutations and recombination also play an important 
role in generating diversity between these strains. It is clear that Hae harbours examples 
of such variability which are likely to contribute, in combination, to differences in 
phenotype observed. Altogether, the comparative analysis has provided insight into how 
different evolutionary pressures have resulted in divergent genomic content between 
these two related strains, underlying their very different pathogenic profiles.  
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Lineage-specific virulence determinants of 
Haemophilus influenzae biogroup Aegyptius 
indicated by pan-genomic analysis 
 
 
Bacterial genomics began with sequencing of the genome of Haemophilus influenzae 
strain Rd KW20 in 1995, and has since advanced to include over 1127 complete bacterial 
genomes (www.genomesonline.org, July 2010), including the two Haemophilus 
influenzae biogroup Aegyptius genomes described in Chapters 3 and 4. Following 
completion of sequencing of Rd KW20, bacterial whole-genome sequencing endeavours 
have recently come to focus on clinically important bacterial pathogens, with the prospect 
of elucidating novel virulence mechanisms and discovering new targets for vaccine 
development. Comparing the genome sequences of different strains means that genetic 
variation can be easily analysed, and the importance of including a range of pathogenic 
and commensal strains is evident, as exemplified in Chapter 4. Advances in sequencing 
technology have accelerated the rate of completion of bacterial genomes, leading 
bacterial genomics towards a pan-genomic approach. In this approach the genome 
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contents of multiple isolates of the same species are compared, revealing the gene 
repertoire held in common. This allows a thorough analysis of genetic variation and 
identification of all uncharacterised but potentially important putative virulence-
associated genes present in one or a subset of strains. In this chapter, a pan-genomic 
approach is described, a comparison of the genomes of the Brazilian Hae strains F3031 
and F3047, with 5 other complete Haemophilus influenzae genomes. This 7-genome 
comparison enabled analysis of evolutionary changes in Hae, through delineation of the 
Hae accessory genome and characterisation of all the genes encoded within this subset.  
 
5.1 Introduction 
 
For a given species, the bacterial pan-genome is composed of the sum of the core genome 
– those genes shared by all strains studied – and the accessory genome, which consists of 
genes present in some but not all strains studied, including strain-specific genes (Tettelin 
et al., 2008). The core genome is likely to be highly conserved and encode functions 
related to the basic biology of the species, whereas the accessory genome provides 
functions that confer selective advantages including adaptation to a particular niche, the 
ability to colonise new hosts, and antibiotic resistance, contributing to the species‟ 
diversity (Tettelin et al., 2008). Hogg et al. (2007) have described the first H. influenzae 
pan-genome in their analysis of 12 clinical NTHI strains, the genomes of which were 
sequenced by de novo 454 sequencing methods, together with H. influenzae Rd KW20. 
They observed that, on average, every clinical strain varied from another by the presence 
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of over 300 genetic loci, suggesting large heterogeneity among NTHI strains with respect 
to pathogenic potential (Hogg et al., 2007). 
 
Here, a pan-genomic approach is taken to compare 7 complete H. influenzae genome 
sequences, including the two Hae strains F3031 and F3047. This study is unique in that it 
consists of comparing only complete H. influenzae genomes rather than fragments of 
genome coverage, such as those obtained by 454 sequencing above, and so provides a far 
more absolute genomic comparison between the different strains. In this way, the Hae 
accessory genome was delineated to gain insight into the mechanisms that underlie 
differences in the biology and lifestyle of this group of H. influenzae. Furthermore, BPF 
clone strain F3031-specific loci were identified and the genes encoded within these 
regions characterised to establish a definitive list of F3031-specific features and putative 
virulence-associated factors. 
 
The pan-genomic analysis consisted of comparing the BPF clone strain F3031 to the 
conjunctivitis isolate F3047 and 5 other complete H. influenzae genomes. These included 
H. influenzae strain Rd KW20, which is a derivative of a serotype d strain rarely 
associated with disease; H. influenzae strain 10810, a serotype b strain isolated from a 
case of meningitis; and 3 NTHI strains of varying pathogenicity: strain 86-028NP and 
R2846, isolated from the middle ear of patients with chronic otitis media, and R2866, an 
unusually virulent NTHI strain, isolated from a case of neonatal meningitis and resistant 
to killing by normal human serum. 
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5.2 Results 
 
5.2.1 Pan-genome analysis of 7 complete H. influenzae genomes 
General genome features for each of the 7 strains used in the pan-genomic analysis are 
listed in Table 5.1. We sequenced and annotated the genomes of the BPF clone strain 
F3031 and the conjunctivitis strain F3047, described in Chapters 3 and 4. Strain F3031 
also contains a ~24 MDa typical broad host-range conjugative plasmid, previously 
sequenced and characterised, that does not appear to encode products that are likely to 
contribute to pathogenicity (Kroll et al., 2002), and so the sequence was excluded from 
this analysis. The genome sequence of strain F3031 comprises 1,985,824 bp, 8% larger 
than H. influenzae strain Rd and 4% larger than NTHI 86-028NP, and encodes a total of 
1834 genes. The F3047 genome is even larger (2,002,200 bp) and encoding 1829 genes. 
The G+C content of both of these strains is 38%, typical of H. influenzae. Overall 
genome features are similar between all strains, with genome size ranging from 1.83 – 2.0 
Mb, and the G+C content of 38% for all 7 strains. 
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Table 5.1 H. influenzae strains used in the pan-genome comparison. 
 
 
The pan-genomic comparison was generated based on an alignment of base pairs between 
the strains and as such is annotation-independent. The pair-wise comparison of the total 
amount of aligned sequence between any two genomes was generated using the Mauve 
genome alignment method, a software package that identifies and aligns conserved 
genomic DNA (Darling et al., 2004). Mauve aligns regions of colinearity, called locally 
collinear blocks (LCBs) that are each a region of homologous sequence shared between 
two or more genomes, which was set to a minimum threshold of 100 bp. Figure 5.1 
depicts the total number of bp aligned between any two of the H. influenzae genomes 
included in the study, and reveals that the two Hae strains, F3031 and F3047, share a 
greater proportion of bp with each other than either do with any of the other H. influenzae 
genomes. 
 
Strain Disease Serotype Genome 
size 
Mb 
G+C 
content 
(%) 
Identified 
CDSs 
Sequencing 
centre 
F3031 Brazilian 
purpuric fever 
NTHI 1.99 38.2 1834 WTSI/Imperial 
College 
F3047 Conjunctivitis NTHI 2.0 38.2 1826 WTSI/Imperial 
College 
Rd KW20 Laboratory 
strain 
d, 
capsule-
deficient 
1.83 38.1 1743 TIGR  
86-028NP Otitis media NTHI 1.91 38.2 1821 Ohio State 
University 
10810 Meningitis b 1.98 38.0 1896 WTSI/Oxford 
University 
R2846 Otitis media NTHI 1.98 37.0 1691 University of 
Washington SBRI 
R2866 Meningitis NTHI 1.89 38.0 1817 University of 
Washington SBRI 
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Figure 5.1 Pair-wise comparisons of genome alignments between 7 H. influenzae strains. Each coloured 
block represents the total number of bps shared between two H. influenzae genomes. 
 
The comparison was visualized using Artemis genome viewer and annotation tool, which 
indicated all LCBs (>100 bp) shared between strain F3031 and one or more of the 
remaining 6 genomes by generating different coloured features. These features were 
coded with one of 7 colours, depending on how many of the strains shared that genomic 
region, and those genomes recorded in the feature statistics. In this way, all F3031-
specific regions could be easily identified, and genes encoded within these loci 
investigated further. In addition, those features shared with only strain F3047 allowed 
delineation of the Hae accessory genes – those not present in the other H. influenzae 
genomes sequenced so far.  
Table 5.2 Comparison of genome content shared between strain F3031 and the other H. influenzae 
genomes. Mean and maximum feature sizes given, minimum feature size defined at 100 bp. 
No. 
Genomes 
Genome Total nt 
% of BPF 
genome 
mean max 
1 F3031 102304 5.2% 1107 34260 
2 F3031+1 211486 10.6% 915 13975 
3 F3031+2 37686 1.89% 269 34260 
4 F3031+3 23641 1.2% 153 1581 
5 F3031+4 20617 1% 132 2015 
6 F3031+5 45178 2.3% 201 5254 
7 F3031+6 1530540 77% 4027 32163 
F3047 F3031 R2846 Rd KW20 10810 R2866 86-028NP
F3047
F3031
R2846
Rd KW20
10810
R2866
86-028NP
1400000 1800000
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As expected, most of the F3031 genome (77%) was shared between all strains (Table 
5.2). 10.6% of strain F3031 DNA was shared with one other strain, 88% of which (9.3% 
of total) was strain F3047 (Figure 5.2, bar 2), supporting the greater relatedness of these 
two strains. 5.2% of the F3031 genome was not present in any of the other 6 genomes in 
this comparison. The core genome for H. influenzae appears to be substantial and highly 
conserved, with 77% shared across all 7 strains, and very small regions shared by only 3 -
6 strains. 
 
Figure 5.2 Genome sequence comparison: percentage of the F3031 genome that was (1) not present in any 
of the others (F3031-specific), (2) shared with one other strain, (3) two other strains, and so on (4, 5, 6 & 
7). The darker region of bar 2 represents the proportion of the shared region that belonged to strain F3047. 
 
Pairwise alignment of complete genome sequence indicates a closer relatedness of the 
two Hae strains to each other than to the 5 other H. influenzae genomes (Figures 5.1 and 
5.2). Previous typing studies have consistently placed the BPF clone as an outlier, 
whereas conjunctivitis-causing Hae tend to group within clades with other NTHI, 
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depicted in Figure 1.2 (Meats et al., 2003; Erwin et al., 2008). However, strain typing 
methods such as MLST have limited discriminatory power due to the reliance on the 
sequencing of only seven house-keeping genes, which tend to be highly conserved since 
they are involved in maintenance of the cell. 
 
This analysis suggests that these Hae strains are historically more closely related in terms 
of niche specificity, and so it is likely that increased recombination has occurred within 
this group. In an epidemic outbreak, virulence factors, which are often highly 
recombining and mobile between strains are likely to be more important in understanding 
how variation between these strains contributes to differences in pathogenicity. The pan-
genome comparison allows easy identification of loci of interest and analysis of the 
products encoded within these regions. This included all loci shared between only the 
invasive strains, BPF clone-specific features, and delineation of the Hae accessory 
genome, providing insight into strain-specific niche adaptation.  
 
5.2.2 Invasive loci 
In order to determine whether any of the genomic regions shared between only the 
invasive strains encoded common virulence-associated factors that may be responsible 
for invasiveness, all features shared between only the invasive strains (F3031, 10810 and 
R2866) were identified, and all those >300 bases recorded. A total of 16 regions were 
shared between strain F3031 and one or both of 10810 and R2866, and the genes encoded 
within these loci characterised. Larger loci (> 1kb) encoded primarily phage genes and 2 
genes involved in restriction modification. Sequence similarity of regions of genes such 
Chapter 5 
 
185 
 
as: the periplasmic chaperone hafB, the hemoglobin/hemoglobin-haptoglobin binding 
protein B hgpB, and the glycosyltransferase lex2B involved in LOS synthesis. However, 
BLAST analysis of these genes revealed high sequence identity to their homologues in 
other, non-invasive H. influenzae strains. It does not appear that the invasive strains share 
particular virulence factors. 
 
5.2.3 Features unique to the BPF clone  
The sum of all BPF-specific loci from the pan-genome analysis based on 7 strains 
amounted to 102,304 bases (5.2% of the genome). Locus size ranged from 370 – 20,002 
bases and G+C content between 27.9% and 44.5%, deviating from the average of 38% 
indicating regions of more recent gene acquisition. Within these BPF-specific regions, 
101 CDSs were identified and subject to BLASTP analysis of the amino acid sequences. 
The larger loci comprised primarily of phage operons, which make up the majority of all 
BPF-specific regions. One such region encodes the genomic island identified in BPF by 
McGillivary et al. (McGillivary et al., 2005b). BLAST analysis of the genes encoded 
within this genomic island revealed their presence in other NTHI strains, in particular 
strains R3655 and PittAA. There are currently 31 H. influenzae genome projects, 
available in the public databases (Table 1.2), the majority of which (25) are strains of 
NTHI, resulting in an extensive database against which to search for homologous genes. 
 
Surprisingly, only 22 of these CDSs remained BPF-specific within H. influenzae having 
been subject to BLAST analysis against public databases (Figure 5.3; Table 5.3). The 
homologues of these proteins were, for the most part, from closely related organisms such 
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as Neisseria, Actinobacillus and other Haemophilus species. The gene products were 
assigned to an appropriate class based on putative function.  
 
Figure 5.3 BPF clone strain F3031-specific features. Numbers of CDSs indicated in (), unknown CDSs 
represent those with no homology to proteins in other H. influenzae. 
 
Half of these CDSs (11) appear to be phage cargo, located within 4 of the 5 phage regions 
described in Chapter 3. Phage-encoded genes were homologous to either conserved 
hypothetical proteins in other organisms or had no homologues and were unknown. Five 
of these BPF-specific genes occurred within phage region 1, named HP3 due to its close 
homology to HP1 and HP2. It is possible that a novel virulence factor is encoded within 
these phage regions as cargo, and bioinformatic analysis of bacterial genomes has 
revealed many putative virulence factors are associated to bacteriophages, but 
experimental evidence for their function remains largely unclear (Brussow et al., 2004).  
Two features were classified as putative virulence factors: the TAA HadA, identified by 
Serruto et al., and a protein predicted to be involved in protection against oxidative stress 
(HIBPF20030). Cloning and expression of HadA in E. coli led to increased adherence 
Phage and cargo (11)
Putative virulence factor 
(2)
Conserved hypothetical 
(3)
Genetic information 
processing (5)
Unknown function, no 
known homologues (1)
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and invasion of Chang epithelial cells (Serruto et al., 2009b). HIBPF20030 has high 
amino acid sequence identity (77%) to a gene encoding a probable antibiotic biosynthesis 
monooxygenase from Aggregatibacter aphrophilus, shown to confer antibiotic resistance. 
A. aphrophilus is a relatively new species group comprising of the recently reclassified 
species Haemophilus aphrophilus and Haemophilus paraphrophilus (Norskov-Lauritsen 
and Kilian, 2006). These organisms are responsible for endocardial infections, and have 
the potential for abscess formation and invasive disease (Kernohan and Paterson, 1989). 
 
The F3031 genome appears to harbour two new sets of genes involved in restriction 
enzyme systems, the first with 2 genes at locus 7 share 65-71% amino acid identity to 
genes in Mannheimia haemolytica and H. parasuis, and the second at locus 9 comprising 
3 genes with 44-56% identity to genes in Macrococcus caseolyticus and Mycoplasma 
spp. Most of the hypothetical genes showed homology to conserved hypothetical proteins 
in the related Neisseria spp., with which Haemophilus has apparently undergone gene 
exchange (Kroll et al., 1998).  
 
Four gene products did not have homologues in any other bacterial species and so could 
not be assigned a putative function. Novel genes form an integral part of all newly 
sequenced bacterial genomes sequenced so far. Identifying so few unknown genes in Hae 
strain F3031 reflects the current availability of a vast amount of Haemophilus sequence 
data, in particular from strains of NTHI. Deciphering the functions of novel genes will be 
of importance in establishing all putative virulence-associated factors harboured by BPF 
clone strains of Hae. 
Chapter 5 
 
188 
 
Table 5.3 F3031-specific features present at 10 different loci. Putative product based on closest homologue 
in public databases, shown by percent amino acid identity (%ID). 
 
 
5.2.4 The Hae accessory genome 
Virulence factors in H. influenzae genomes have been well described, and phase variation 
has been shown to play an important role in generating genetic variation of cell surface 
structures involved in host-pathogen interactions. Many of the previously described H. 
influenzae genes involved in the infection process were identified in the Hae genomes, 
described in Chapters 3 and 4. The pan-genome analysis enabled delineating the 
accessory genome for Hae, to gain a better understanding of how this group differs from 
other strains of H. influenzae. Many of these genes are associated with SSRs, suggesting 
that they are phase-variable and likely to contribute to bacterial survival in the host. 
Described below are those genes specific to Hae that are likely to underlie this group‟s 
unique biology.  
Locus CDS Position %ID Product Closest homologue
1 Phage HP3 insertion 1 & cargo
5 HIBPF00881 60 Conserved hypothetical protein N. meningitidis  MC58
HIBPF00900 68 Plasmid maintenance system killer H. parasuis
HIBPF00910 82 Plasmid maintenance system antidote protein, XRE family N. gonorrhoeae  NCPP11945
HIBPF01110 70 Conserved hypothetical protein A. minor 
HIBPF01260 NA Unknown protein, no known homologues
2 Phage insertion 3/BPF genomic island & cargo Almost identical in R3655, PittAA & other NTHI
2 HIBPF04833 100 Unknown protein, no known homologues Hae BPF 
HIBPF04834 54 Conserved hypothetical protein M. haemolytica, H. parasuis  (Hae BPF 100%) 
3 1 HIBPF05360 NA Unknown protein, no known homologues
4 1 HIBPF06250 62 Conserved hypothetical protein Haemophilus cryptic genospecies 1595
5 Phage insertion 4 & cargo
3 HIBPF09220 55 Conserved hypothetical protein A. pleuropneumoniae 
HIBPF09642 NA Unknown protein, no known homologues
HIBPF09722 80 Conserved hypothetical protein M. haemolytica
6 Phage insertion 5 & cargo
1 HIBPF13250 75 Conserved hypothetical protein M. haemolytica & H. parasuis
7 2 HIBPF16620 65 Adenine-specific methyltransferase (pseudogene) M. haemolytica
HIBPF16630 71 HNH endonuclease M. haemolytica 
8 2 HIBPF17711 53 Conserved hypothetical protein N. meningitidis FAM18
HIBPF17712 49 Conserved hypothetical protein N. meningitidis FAM18
9 3 HIBPF18000 52 DNA methyltransferase M. caseolyticus, Mycoplasma spp.
HIBPF18010 56 DNA methyltransferase M. caseolyticus, Mycoplasma spp.
HIBPF18040 44 Restriction endonuclease M. caseolyticus, Mycoplasma spp.
10 2 HIBPF19140 100 HadA trimeric autotransporter adhesin Hae BPF 
HIBPF20030 77 Antibiotic biosynthesis monooxygenase A. aphrophilus 
Total: 22 CDSs
Chapter 5 
 
189 
 
A total of 163 features from the 7-genome comparison were shared between Hae F3031 
and Hae F3047, but absent from the other 5 strains. Analysis of the CDSs present within 
these features revealed that the majority of these CDSs (99 CDSs, 61%) occurred within 
phage regions, encoding putative phage and conserved proteins. However, over 22% (13 
CDSs) of all Hae-specific genes encoded homologues of putative virulence factors 
(Figure 5.4). Most of these genes encoded putative adhesins not previously described for 
H. influenzae.  
 
 
Figure 5.4 Hae-specific features determined from the pan-genome comparison. Putative virulence factors 
(red) accounted for ~22% of all features identified. 
 
Adherence of H. influenzae to upper respiratory tract mucosal epithelial cells is the first 
step in bacterial colonisation and pathogenesis. Genes encoding a range of adhesins 
established for strains of H. influenzae were also identified in Hae, outlined in Chapters 3 
and 4, including haemagglutinating pili and autotranporter proteins such as Hia and 
HMW. In addition, a plethora of adhesins not previously reported for H. influenzae were 
Phage and other 
extrachromosomal
Putative virulence factor
Conserved hypothetical 
and unknown
Genetic information 
processing
Transport and binding
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characterized. These new Hae-specific adhesins include 4 novel fimbrial operons, unique 
HMW proteins, and a novel ten-member family of TAAs, which will be considered 
separately below. 
 
5.2.4.1 Hae fimbriae 
Presence of the previously characterised Hae fimbrial gene regulons, the duplicated 
hafABCDE and pilABCD operons, were confirmed in the F3031 and F3047 genomes. A 
further 4, previously undescribed, Haemophilus fimbrial gene clusters were identified and 
named Aef1 to Aef4. Aef1-Aef3 are present in both strains, whereas aef4 appears to be 
only in strain F3047 (Figure 5.5). Each Aef operon encodes between 4 and 6 proteins 
with low sequence identity to the haf genes from Hae (27-59%, average 48%), and to the 
F17 adhesins produced by pathogenic E. coli (29-73%, average 46%). E. coli strains 
producing fimbriae of the F17 family are responsible for intestinal and extraintestinal 
disease in humans and animals (Cid et al., 1999). The F17 fimbriae are mainly detected 
on strains associated with diarrhea and septicaemia, and have been shown to mediate 
binding to mucosal cells and agglutination of erythrocytes. 
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Figure 5.5 Aef fimbrial operons in F3047 (Aef1-Aef4) and F3031 (Aef1-Aef3). The aef fimbrial genes in 
each cluster are indicated by open arrows, and the flanking genes by solid arrows. SSRs in the promoter 
region for each gene cluster are shown. % sequence identity between the aef genes from F3047 and F3031 
given between respective genes. % identity to closest homologue shown by red (Hae) and green (E. coli) 
features below each operon. 
 
The genes within each operon encode: (A) a fimbrial protein, (B) a fimbrial chaperone, 
(C) a fimbrial usher protein, (D) a fimbrial adhesin, and in the case of aef3 (E and F) 
additional fimbrial adhesins (Figure 5.6). Three of the operons (Aef1, 3 and 4) had 
mononucleotide repeats of between 10 and 17 bases, upstream in the promoter region of 
T10
HICON02970 aef1A aef1B aef1C aef1D HICON03020
Aef1
HIBPF00160 HIBPF00210
42% 56% 50% 39%
f17A hafB hafC f17G
T11
Aef1
77% 99% 99% 94%
F3031
F3047
Aef2
HIBPF02720 HIBPF02820
43% 57% 52% 36%
hafA hafB hafC f17G
HICON11480 aef2A aef2B aef2C aef2D HICON11430
Aef2
F3031
F3047
59% 94% 96% 93%
Aef3
HIBPF05360 HIBPF05520
38% 49% 53% 28% 25% 25%
hafA hafB hafC f17G f17Gfimbrial
protein
T17
Aef3
aef3EHICON14060 aef3A aef3B aef3C aef3D HICON14130aef3F
T17
100% 100% 98% 93% 94% 55%
F3031
F3047
HICON15040 aef4A aef4B aef4C aef4D HICON14990
Aef4F3047
G11
f17A hafB f17 usher f17G
38% 53% 47% 64%
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the aefA gene (Figure 5.6), suggesting possible phase-variable expression of these 
fimbrial proteins through changes in the distance between the promoter components for 
aefA, resulting from expansions and contractions in the number of SSRs. 
 
5.2.4.2 Hae High-molecular-weight (HMW) proteins 
The HMW proteins are found in approximately 75 – 80% of NTHI and have received 
particular attention as possible vaccine candidates due to their functional role and 
immunogenic characteristics (Dawid et al., 1999). HMW proteins are major non-pilus 
adhesins encoded by separate chromosomal loci: HMW1 and HMW2, each consisting of 
3 genes (hmwABC). Hmw1A and hmw2A encode adhesive proteins with different binding 
specificities. Hmw1A mediates binding to α-2,3-linked sialylated glycoproteins, but the 
epithelial cell receptor for hmw2A remains unknown. HmwA exhibits 52% - 62% identity 
among several NTHI strains, and alleles from different isolates revealed a high level of 
polymorphism in the receptor binding regions.  
 
Novel HMW1 and HMW2 proteins encoded at two distinct Hae-specific loci were 
identified in F3031 and F3047. Sequence comparison of the putative binding region of 
HmwA alleles revealed that the Hae proteins are distinct from other sequenced NTHI 
(Figure 5.6). A phylogenetic tree was constructed based on sequence alignment of the 
HmwA binding domains from these two Hae strains and 5 additional NTHI alleles 
present in the NCBI databank. Differences in binding domain may reflect functional 
differences in adherence to human epithelial cells (Ecevit et al., 2005), since the binding 
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domain consists of the N-terminal surface-exposed part of the protein, which would be 
exposed to selective pressure to diversify. 
 
 
Figure 5.6 Neighbour-joining tree based on binding domain of the HMW adhesins. NJ tree constructed 
using MEGA version 4.0. The two major clusters represent HmwA alleles from NTHI (black) and Hae 
(grey). Scale bars represent the number of amino acid substitutions per site. Bootstrap confidence values 
shown at the branches, based on 1,000 replications.  
 
The presence of 2 closely related HMW loci at conserved physical locations in all hmw-
containing NTHI isolates suggests duplication of the locus occurred early in the evolution 
of NTHI (Buscher et al., 2004). The Hae HMW loci are distinct in that they are present at 
different chromosomal loci from all other NTHI, reflecting divergence of these strains 
from NTHI even earlier and suggesting that these loci were acquired separately later on, 
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perhaps by horizontal gene transfer. This is supported by the presence of a 22kb phage-
gene encoding insertion located directly downstream of the HMW2 locus in both strains. 
 
The HmwA alleles can be further differentiated from those identified in other NTHI 
strains by their associated SSRs (Table 5.4). The octanucleotide repeat unit 5‟-
GCATCATC-3‟ is present in 14 and 15 copies in F3031 and 13 and 12 copies in F3047 
for Hmw1A and Hmw2A respectively, 200 bases upstream of the gene. In contrast, the 
HmwA alleles of NTHI strains are associated with the 7 base pair SSRs of either 5‟-
ATCTTTC-3‟ or 5‟-TGAAAGA-3‟ present in varying copy numbers upstream of the 
genes (Ecevit et al., 2005;Power et al., 2009). HMW expression varies according to the 
number of 7-bp repeats in the hmw1A and hmw2A promoters, which differs during 
infection. Increases in repeat number are associated with step-wise decrease in levels of 
specific mRNA and protein production, and vice-versa (Dawid et al., 1999). By 
decreasing protein expression strains of NTHI are able to persist in their colonizing niche 
by evading the host immune response, demonstrating the role of phase variation in 
bacterial adaptation to different environments. In this case, the Hae strains appear to have 
a greater number of repeats suggesting decreased expression. Altogether, the distinct 
sequence and location of the HMW loci in Hae is likely to reflect the differing 
geographic and phenotypic influences on these organisms. 
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Table 5.4 hmwA alleles and associated SSRs. The SSRs associated with hmw genes are located upstream of 
the gene between two transcriptional start sites (Dawid et al., 1999). 
 
Strain Gene Unit 
length 
Repeat Copies Location 
F3031 hmw1A 8 GCATCATC 14 Upstream 
F3031 hmw2A 8 GCATCATC 15 Upstream 
F3047 hmw1A 8 GCATCATC 13 Upstream 
F3047 hmw2A 8 GCATCATC 12 Upstream 
86-028NP hmw1A 7 ATCTTTC 17 Upstream 
86-028NP hmw2A 7 ATCTTTC 23 Upstream 
R2846  hmw1A 7 ATCTTTC 15 Upstream 
R2846  hmw2A 7 ATCTTTC 15 Upstream 
 
 
5.2.4.3 Hae Trimeric Autotransporter Adhesins  
Trimeric autotransporter adhesins (TAAs) have been shown to play a role in bacterial 
adhesion, invasion, cytotoxicity and serum resistance. Such proteins have only very 
recently been identified in Haemophilus, with the description of the cryptic Haemophilus 
TAA Cha, from the Haemophilus cryptic genospecies (Sheets et al., 2008) prominent in 
neonatal sepsis. A genomic study of the important pig pathogen H. parasuis revealed the 
presence of 13 TAAs in virulent strains of H. parasuis, named the VtAa proteins (Pina et 
al., 2009). Most recently, HadA, expressed only by Hae BPF clone strains, has been 
described (Serruto et al., 2009a; Serruto et al., 2009b). Autotransporters share a 
characteristic 3-domain structure, consisting of an N-terminal signal peptide, an internal 
passenger domain, and a C-terminal translocator domain (TLD) (Figure 5.7), described in 
detail in Chapter 6.  
 
Figure 5.7 TAA protein architecture. Characteristic 3-domain structure: an N-terminal signal peptide, 
internal and variable passenger domain, and C-terminal translocator domain. 
 
Passenger domain TLDSP
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Autotransporter secretion is a Sec-dependent process, initiated by the N-terminal signal 
sequence, which directs the proteins into the major secretion pathway where they are 
exported across the IM and the signal peptide is cleaved off by the leader peptidase. 
(Lory, 1992). The C-terminal translocator domain inserts into the outer membrane, 
forming a β-barrel structure, which then promotes the transit of the internal passenger 
domain across the outer membrane, leading to exposure on the bacterial surface. The β 
domains of autotransporter proteins are highly conserved across a wide range of Gram-
negative bacteria, consistent with a conserved function of translocation. The passenger 
domains, on the other hand, are widely divergent and consist of variable combinations of 
high-affinity binding domains and low complexity repeat regions that vary considerably 
between strains.  
 
The pan-genome analysis revealed a novel ten-member family of proteins with all the 
sequence characteristics of TAAs, present in the Hae accessory genome but absent from 
the 5 other H. influenzae genomes (Table 5.5). Most (but not all) members are present in 
both genomes, although there are sequence differences between some homologues. One 
of these TAAs is the previously described hadA, present in strain F3031 but absent from 
F3047, but all others appear to be novel H. influenzae TAA proteins. In three cases, 
baaA4/caaA4, baaA5 and baaA9/caaA9, the gene had a frameshift mutation and was 
present in the F3031/F3047 genome as a pseudogene.  
 
All Hae TAAs identified had the characteristic C-terminal domain and an N-terminal 
signal peptide. Sequence comparisons of homologous TAAs revealed significant 
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polymorphisms in this passenger domain between BaaA1/CaaA1 and BaaA2/caaA2, 
perhaps reflecting different functions of these proteins in the two strains. The passenger 
domains of these proteins varied in numbers of high affinity binding domains, which 
included the haemagglutinin (HIM) and Hep_Hag domains, as well as varying regions of 
low-complexity repeats in BaaA1/CaaA1 and BaaA2/CaaA2 (Figure 5.8), which 
conceivably allow the protein to be exposed further out from the bacterial surface. All but 
two of the TAAs are associated with SSRs located either within the CDS or upstream in 
the promoter region of the gene, suggesting that PV may play a role in their expression 
(Table 5.5). 
 
 
Figure 5.8 Domain organisation of BaaA1/CaaA1 and BaaA2/CaaA2 in comparison to YadA (the 
prototype TAA), showing differences in passenger domain sequence motifs. C-terminal TLD, pink; HIM 
domains, red; Hep_Hag domains, green; degenerate repeats, hatched yellow; N-terminal signal peptide, 
blue diamond.   
 
Using the C-terminal TLD residues as query sequences to screen the non-redundant 
GenBank protein databank, homology was observed to known members of the TAA 
family in other pathogenic bacterial species. These included: YadA of Yersinia 
enterocolitica (El Tahir and Skurnik, 2001), NadA of Neisseria meningitidis 
(Comanducci et al., 2002), and UspA2 of Moraxella catarrhalis (Attia et al., 2005), all of 
which are established pathogenicity factors. In addition, homology to the recently 
YadA
BaaA1
CaaA1
BaaA2
CaaA2
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described Cha gene from Haemophilus cryptic genospecies and the VtaA proteins of 
virulent strains of H. parasuis was also observed (Table 5.5).  
 
Table 5.5 TLD homology of Hae TAAs to proteins in other pathogenic bacteria. Associated SSRs given 
where present, P indicates within the promoter region and C within the CDS. 
No. Name Systematic ID % 
G+C 
Mw 
kDa 
% ID Closest homologue SSR  
(P/C) 
1 BaaA1 HIBPF06240 47 140 47 Cha Haemophilus spp. TAx8 P 
 CaaA1 HICON14840 43 119 56 Cha Haemophilus spp. TAx5 P 
2 BaaA2 HIBPF0300 47 211 65 Cha Haemophilus spp. Gx13 C 
 CaaA2 HICON14020 48 206 64 Cha Haemophilus spp. Gx20 C 
3 BaaA3 HIBPF07130 37 49 51 UspA2 M. catarrhalis CAAAx14 
C 
 CaaA3 HICON16690 38 49 43 UspA2 M. catarrhalis CAAAx12 
C 
4 BaaA4 HIBPF07270 40 87 53 Cha Haemophilus spp. Tx12 P 
 CaaA4 HICON16820 41 77 42 VtaA H. parasuis Tx10 P 
5 BaaA5 HIBPF10940 42 88 43 STEC E. coli CAAAx15 
P 
 CaaA5 HICON01190 41 106 43 STEC E. coli CAAAx30 
P 
6 BaaA6 HIBPF14450 41 50 94 Hypothetical N. 
flavescens 
GCAAx16 
C 
 CaaA6 HICON05410 41 50 93 Hypothetical N. 
flavescens 
GCAAx24 
C 
7 HadA HIBPF19140 35 95 100 HadA Hae BPF - 
8 CaaA7 HICON13720 39 27 63 Hsf P. multocida GCAAx12 
C 
9 BaaA8 HIBPF01360 42 28 97 Hypothetical N. 
gonorrhoeae 
GCAAx3  
C 
 CaaA8 HICON03690 43 30 97 Hypothetical N. 
gonorrhoeae 
GCAAx19 
C 
10 BaaA9 HIBPF08080 36 25 63 YadA Y.  
enterocolitica 
- 
 CaaA9 HICON17550 36 25 63 YadA Y.  
enterocolitica 
- 
 
 
5.2.5 Hae and H. influenzae autotransporter adhesins 
While the autotransporter adhesin repertoire of Hae is dominated by this new family of 
TAA genes, other conventional (CAA) and trimeric autotransporter adhesins are also 
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present. These autotransporters are implicated in H. influenzae pathobiology through the 
adherence and/or invasion characteristics with which they endow host strains.  HMW1/2 
and Hia are both present in both F3031 and F3047; in contrast, in the many NTHI strains 
sequenced, Hia (TAA) or the HMWs (CAA) have been alternatively present, but not both 
at once.  The CAA Hap protein, widely distributed in H. influenzae and a candidate NTHI 
vaccine antigen, is present as a pseudogene in Hae.   
 
Table 5.6 Autotransporter adhesins in H. influenzae: conventional (C) or trimeric (T). + indicates gene 
present, - absent; (+) indicates pseudogene. 
Name Type Function Hib NTHI 
86-
028NP 
Hae 
F3031 
Hae 
F3047 
Hia T Epithelial adherence - - + + 
HMW1/2 C Epithelial adherence - + + + 
Hsf T Epithelial adherence + - - - 
Hap C 
Epithelial adherence, 
autoaggregation 
+ + (+) (+) 
B/CaaA1 T Unknown - - + + 
B/CaaA2 T Unknown - - + + 
B/CaaA3 T Unknown - - + + 
B/CaaA4 T Unknown - - (+) + 
B/CaaA5 T Unknown - - (+) (+) 
B/CaaA6 T Unknown - - + + 
CaaA7 T Unknown - -  + 
B/CaaA8 T Unknown   + + 
B/CaaA9 T Unknown   (+) (+) 
HadA T 
Epithelial adherence, 
autoaggregation 
- - + - 
   2 2 12 12 
 
 
This new and interesting family of TAAs identified within the Hae accessory genome 
appear to dominate the autotransporter repertoire of Hae, and will be the focus of the 
following Chapter. 
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5.3 Summary 
 
This H. influenzae pan-genome demonstrated that Hae F3031 and F3047 are far more 
similar to each other in terms of gene content than other H. influenzae strains, despite 
being phylogenetically distinct by various typing methods. Although this analysis is 
limited to the 7 complete genomes, it allowed identification of new members of the H. 
influenzae gene pool. A plethora of novel adhesins were identified encoded within the 
Hae accessory genome, including several which have not previously been described in H. 
influenzae. There appear to be both pilus and non-pilus factors that mediate interactions 
with human cells in vitro, and an understanding of expression of these multiple adherence 
factors may provide important insights into the Hae pathogenesis (St Geme et al., 1991).  
 
Although there are several examples of pathogens that have acquired virulence genes on 
plasmids, such as anthrax toxin in Bacillus anthracis (Okinaka et al., 1999); 
bacteriophages, such as cholera toxin in Vibrio cholera (Vanden et al., 2007); and 
pathogenicity islands,  for example toxic shock toxin in Staphylococcus aureus (Curtis et 
al., 1994); bacterial genomics has brought to light the difficulty in distinguishing 
pathogens from non-pathogens and between virulence factors and colonisation factors in 
most cases (Pallen and Wren, 2007). Contrary to the hypothesis that the BPF clone may 
have acquired a unique set of virulence factors, this analysis suggests that the genomic 
content of invasive and non-invasive Hae is very similar, and it is likely that sequence 
variation, as well as variable gene expression through mechanisms such as phase 
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variation, are likely to play a more important role in the pathogenicity of the BPF clone. 
Only 22 BPF-specific genes remained following BLAST searches of the public 
databases, a surprisingly low number compared with previous predictions, but obviously 
reflecting the wealth of data that is currently available for a range of H. influenzae strains. 
Of these 22 genes, hadA is the most prominent BPF-specific virulence factor, which has 
been shown to promote entry of E. coli into Chang epithelial cells, suggesting it may play 
a role in invasion of the BPF clone into host cells (Serruto et al., 2009b). The pan-
genomic study described in this Chapter revealed additional members of this family of 
bacterial adhesins, which is the focus of the following Chapter. 
 
Genome sequencing and comparison has permitted a definitive account of the presence 
and absence of genes of genes within the Hae genomes F3031 and F3047, which is not 
possible when working with draft sequence (Fraser et al., 2002). Having identified a 
range of genes which may play a role in bacterial adherence and invasion, functional 
assignment requires characterising these genes through empirical studies of gene 
function. The TAA genes identified in Hae are the focus of the following Chapter, which 
investigates, through both in silico and in vitro studies, the possible role that these genes 
may play in host-pathogen interactions.
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Chapter 6 
 
Sequence variation and functional analysis 
of novel trimeric autotransporters in 
Haemophilus influenzae biogroup Aegyptius  
 
 
The Hae accessory genome comprises strain-specific genes that are likely to contribute to 
the group‟s specific niche adaptation. In Chapters 3 and 4, bioinformatic analysis of the 
genomes of two phenotypically distinct strains of Hae is described, affording insight into 
Hae genome biology. Pan-genomic comparison of these two strains of Hae to 5 other H. 
influenzae genomes, described in Chapter 5, revealed a plethora of apparently Hae-
specific putative adhesins. These results suggest that strains of Hae harbour distinct 
adhesins that may account for their different disease associations. In this chapter, a closer 
examination of the extensive family of putative trimeric autotransporter adhesin (TAA) 
proteins discovered in Hae is described. To begin with, the evolutionary origin of the Hae 
TAAs was explored through in silico sequence analysis, and homology to proteins in 
other pathogenic bacteria analysed. Focusing on one particular example from this family, 
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BaaA1/CaaA1, possible function was investigated using in vitro cell culture models of 
pathogenesis. 
 
 
6.1 Introduction 
 
Autotransporters comprise the largest family of Gram-negative bacterial extracellular 
proteins, with over 700 members. They can be differentiated into two groups: 
conventional autotransporters and trimeric autotransporters (Cotter et al., 2006). These 
proteins subserve a variety of functions, including adherence, invasion, proteolysis, 
cytotoxicity, serum resistance and cell-to-cell spread, making them important bacterial 
pathogenicity factors (Henderson and Nataro, 2001). All autotransporter proteins share a 
characteristic 3-domain structure comprising an N-terminal signal peptide, an internal 
passenger domain, and a C-terminal translocator domain (TLD). It is this TLD that 
defines the autotransporter family as it is the only domain present in all of these proteins. 
In the originally described conventional autotransporters this is a ~300 residue domain, 
which translocates the passenger domain to the external surface of the Gram-negative 
outer membrane where in almost all cases it is cleaved off. The TLD is highly conserved 
across a wide range of organisms, consistent with its conserved function of translocation. 
Passenger domains, on the other hand, are widely divergent, reflecting the range of 
functions displayed by these proteins. 
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Figure 6.1 Structure of the prototype TAA protein YadA. Reproduced from Linke et al. (Linke et al., 
2006). 
 
Autotransporter secretion is a Sec-dependent process, initiated by the N-terminal signal 
sequence, which directs the proteins into the major secretion pathway where they are 
exported across the inner membrane (IM) (Figure 6.2) (Lory, 1992). The signal peptide is 
then cleaved off by the leader peptidase. The C-terminal translocator domain inserts into 
the outer membrane (OM), forming a β-barrel structure, which then promotes the transit 
of the internal passenger domain across the OM, leading to exposure on the bacterial 
surface. Virtually all conventional autotransporters are cleaved on the bacterial cell 
surface (Figure 6.2, left hand side).  
Trimeric autotransporter adhesins are a more recently identified subfamily of 
autotransporter proteins that are being increasingly identified in bacterial genomes. They 
are defined by an unusually short (~78 aa) TLD, separated from an N-terminal globular 
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protein head by a central “stalk” α-helical domain that tends to form coiled-coil structures 
(Cotter et al., 2005a). TAAs differ from conventional autotransporters in several ways. 
Following translocation across the IM (also via an interaction between the signal peptide 
and the Sec apparatus) the TLDs of three molecules form a trimeric structure in the OM 
that facilitates translocation of trimerised passenger domains to the bacterial surface, 
where they remain uncleaved (Figure 6.2, right hand side). They adopt a “lollipop” 
structure with the trimerised N-terminus of the mature protein prominently exposed on 
the end of a stalk, facilitating high-affinity multivalent binding to specific cellular 
receptors and other environmental interactions.  
 
 
Figure 6.2 Autotransporter secretion. Conventional autotransporter secretion is shown on the left and 
trimeric secretion on the right. The N-terminal signal peptide is depicted in green; the passenger domain is 
depicted in red; and the translocator domain is depicted in blue (3 shades of blue signify 3 different 
monomers). Reproduced from Cotter et al. (Cotter et al., 2006). 
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The two prototype examples of bacterial TAAs are the YadA protein from Yersinia 
enterocolitica (Figure 6.1), which contributes to serum resistance by inhibiting 
complement activation (Laarmann et al., 2002), and the H. influenzae Hia adhesin, which 
mediates high-affinity adherence to respiratory cells (Sheets et al., 2008). Studies of the 
YadA and Hia adhesins have revealed that the C-terminal 70 and 76 amino acids 
respectively were sufficient for translocating the internal passenger domain across the 
OM and presenting it on the bacterial surface (Paton et al., 1997). Trimerisation of the 
TLD results in three exposed faces in the passenger domains, established from crystal 
structures of the YadA and Hia binding domains. This structure is speculated to facilitate 
multivalent binding to host cells, increasing the avidity and affinity of the interaction 
compared to monovalent binding. In addition, it has been proposed that a trimeric 
architecture may confer resistance to proteases and detergents. 
 
A growing number of TAA proteins are being described from a range of organisms, 
particularly pathogenic bacterial strains, a result of the increasing feasibility of genome 
sequencing and understanding of protein sequence and functional relationships. For 
Haemophilus these include: the Haemophilus adhesion A protein (HadA), discovered 
through in silico homology to the Neisserial  NadA protein and so far found only in the 
BPF clone strain of Hae (Serruto et al., 2009b); the cryptic Haemophilus adhesin Cha, 
from the Haemophilus cryptic genospecies (Sheets et al., 2008) prominent in neonatal 
sepsis (Quentin et al., 1996); and a family of over 13 VtaA proteins, identified in virulent 
strains of H. parasuis, an important pig pathogen (Pina et al., 2009).  
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6.2 Results 
 
6.2.1 Trimeric Autotransporter proteins of Hae and their 
homologues in other bacterial species 
 
The Hae accessory genome, delineated from the 7-genome comparison described in 
Chapter 5, comprises a family of 10 TAAs that were absent from all non-Hae genomes 
included in the study. With the exception of one strain-specific TAA gene each, a variant 
of each gene was present at the same locus in the BPF clone strain F3031 and 
conjunctivitis strain F3047. The Hae TAA genes were named baaA1 – baaA9 (for BPF) 
for those in the F3031 genome, and caaA1 – caaA9 (for conjunctivitis) for those in the 
F3047 genome. HadA is the F3031-specific TAA, and CaaA7 is present in F3047 but not 
F3031. With the obvious exception of HadA, the other TAAs identified in Hae appear to 
be novel H. influenzae TAA proteins with low homology to any proteins present in the 
public databases. TAA identification was based on the presence of the characteristic 3-
domain protein architecture. The TLD was present in all but one of the proteins 
(BaaA9/CaaA9) characterised in the Hae genomes. BaaA9 and CaaA9 appear to be 
present as pseudogenes that have lost this domain but retain characteristic TAA binding 
domains. Due to the conserved nature of the TLD, the sequence of this region was used 
as a search string to investigate homology to TAAs from other organisms and provide 
insight into the evolutionary origin of these proteins.   
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6.2.1.1 Homologues in pathogenic bacteria 
Homology of the Hae TAA proteins to those in other bacteria was analysed using the 
TLD (the last 78 residues) as query sequences to screen the non-redundant GenBank 
protein databank. Sequence similarity to known members of the TAAs in other 
pathogenic bacterial species was observed, such as YadA of Yersinia enterocolitica, 
NadA of Neisseria meningitidis, and UspA2 of Moraxella catarrhalis, all of which are 
established virulence factors in these strains. In addition, homology to the recently 
described Cha protein from Haemophilus cryptic genospecies and the VtaA proteins of H. 
parasuis was also observed (Table 6.1). An alignment was generated between the TLDs 
of the 16 individual Hae TAA proteins (BaaA/CaaA1-8, including HadA) and their 
closest homologues in other strains, which was used to generate a phylogenetic tree 
depicting their relatedness (Figure 6.3).  
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Table 6.1 Homology of the Hae TAA protein TLD to those present in the public databases. BLASTP 
analysis of the last 78 residues, and only hits >35% amino acid identity were reported. Relative position in 
each genome, G+C content (%G+C), and molecular weight (Mw KDa) included. Whole protein length of 
each BaaA/CaaA and its homologue shown by total number of residues. Intact gene indicated by Y and 
pseudogenes by N. Associated SSRs reported when present. 
 
 
6.2.1.2 Phylogenetic classification of TAAs 
Phylogenetic analysis and comparison of the TLD from the Hae TAAs and their 
homologues in other pathogenic bacteria revealed two major clades (Figure 6.3). The Hae 
TAA adhesins do not all cluster together in one clade, as is the case for the VtaA proteins 
of H. parasuis. The first clade consists of three groups (supported by bootstrap values): 
the first includes Hae BaaA1/CaaA1, BaaA2/CaaA2 and BaaA4/CaaA4, and Cha from 
 No. Name Intact Systematic_id G+C Mw % id Closest homologue BaaA/CaaA Homologue SSR
Y/N % kDa (based on TLD sequence) length length
1 BaaA1 Y HIBPF06240 47 140 47 Cha Haemophilus sp. 1595 1490 1610 TA x8 
48 Hsf Pasteurella multocida  Pm70 2712 upstream
42-53 VtaA proteins (18) Haemophilus parasuis >1000
CaaA1 Y HICON14840 43 119 56 Cha Haemophilus sp.  1595 1182 1610 TA x5 
54 Hsf P. multocida Pm70 2712 upstream
42-55 VtaA proteins (18) H. parasuis >1000
2 BaaA2 Y HIBPF05270 47 211 65 Cha Haemophilus sp. 1595 2185 1610 G x13 CDS
44 Hsf Neisseria cinerea ATCC 14685 1113
44-51 VtaA proteins (29) H. parasuis >1000
CaaA2 Y HICON14020 48 206 64 Cha Haemophilus sp. 1595 2233 1610 G x20 CDS
44 Hsf N. cinerea  ATCC 14685 1113
44-51 VtaA proteins (30) H. parasuis >1000
3 BaaA3 Y HIBPF07130 38 41 51 UspA2 Moraxella catarrhalis 464 614 CAAA x14 
42 NadA N. meningitidis 398 CDS (out/f)
CaaA3 Y HICON16690 39 42 52 UspA2 M. catarrhalis 464 614 CAAA x12 
42 NadA N. meningitidis 398 CDS (out/f)
4 BaaA4 N HIBPF07270 40 88 53 Cha Haemophilus sp.  1595 857 1610 T x12 
42 Hia H. influenzae 1098 upstream
CaaA4 N HICON16820 41 77 42 Hsf H. influenzae 759 2413 T x10 
40-48 VtaA proteins (19) H. parasuis 1402 upstream
5 BaaA5 N HIBPF10940 42 88 43 STEC autoagglutinating adhesin Escherichia coli 847 534 CAAA x15
35-36 VtaA proteins (14) H. parasuis >1000 upstream
CaaA5 Y HICON01190 41 106 43 STEC autoagglutinating adhesin E. coli 1016 534 CAAA x30 
35-36 VtaA proteins (14) H. parasuis >1000 upstream
6 BaaA6 Y HIBPF14450 41 50 94 Hypothetical protein N. flavescens 484 478 GCAA x16 
93 Autotransporter adhesin H. influenzae  R2866/22.1-21 158 CDS (out/f)
CaaA6 Y HICON05410 41 50 93 Hypothetical protein H. influenzae  PittII 484 158 GCAA x24 
92 Autotransporter adhesin H. influenzae  R2846 158 CDS (out/f)
7 CaaA7 Y HICON13720 39 95 63 Hsf P. multocida  Pm70 905 2712 GCAA x22 
37-43 VtaA proteins (27) H. parasuis >1000 CDS (out/f)
8 BaaA8 Y HIBPF01360 42 28 64 Hypothetical protein N. gonorrhoeae 260 161 GCAA x3 
62 Hypothetical protein N. flavescens 478 CDS (out/f)
CaaA8 Y HICON03690 43 30 64 Hypothetical protein N. gonorrhoeae 282 161 GCAA x19 
62 Hypothetical protein N. flavescens 478 CDS (out/f)
9 BaaA9 N HIBPF08080 36 25 - No TLD 232 - -
CaaA9 N HICON17550 35 25 - No TLD 232 - -
10 HadA Y HIBPF19140 35 27 100 HadA 256 256 -
93 Adhesin/invasin H. influenzae  R3021/22.4-21 165
67 NadA N. meningitidis 355
55 YadA Y. enterocolitica 422
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Haemophilus cryptic genospecies, the H. influenzae Hia and Hsf (Hsf being an allele of 
Hia), and all the H. parasuis VtaA proteins included in this study. Previous phylogenetic 
reconstruction of 30 H. parasuis VtaA proteins determined the existence of 3 groups 
within these proteins, and so examples from each of these groups were included in the 
analysis. Still separating into 3 groups, all the VtaA proteins were restricted to the first 
group within clade 1 of the phylogram (Figure 6.4), demonstrating a lower sequence 
diversity between TAA proteins in H. parasuis than those in Hae. In the second group, 
the TLD of the F3047-specific CaaA7 was most closely related to that of an Hsf-like 
protein from Pasteurella multocida. The third group included only BaaA5/CaaA5, whose 
TLDs shared 43% identity to the STEC autoagglutinating adhesin of enterohemorrhagic 
E. coli (EHEC) (Table 6.2). Strains of EHEC that produce verotoxins or Shiga toxins, are 
referred to as shiga toxin-producing E. Coli (STEC), and known to cause diarrhea and 
hemorrhagic colitis in humans. It has been shown that an enhanced capacity to adhere to 
intestinal cells is one of the factors that distinguishes virulent strains of STEC from those 
of lesser clinical significance (Paton et al., 1997). 
 
The TLDs of the Hae TAAs and their closest homologues in clade 1 share up to 65% 
identity but only 32% over the whole protein. This is due to variability in the passenger 
domains between these more distantly related strains, possibly reflecting differences in 
function as a result of niche specificity. Cha, the recently described TAA identified in 
Haemophilus cryptic genospecies is speculated to play a critical role in colonization of 
the maternal genital and neonatal respiratory tracts, and is most closely related to the Hae 
TAAs (Sheets et al., 2008).  
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Figure 6.3 Neighbour-Joining consensus tree of the TLD of the Hae TAA proteins and their homologues in 
other strains (using Kimura 2 parameter distance). Bootstrap values based on 10,000 replications. 
Separation into two main clades shown by bars numbered 1 and 2.   
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The second clade formed in the phylogenetic reconstruction could be broken down into 
two well-supported groups, the first consisting of BaaA3/CaaA3 and HadA of Hae, along 
with YadA of enteropathogenic Yersinia (El Tahir and Skurnik, 2001), NadA of N. 
meningitidis (Comanducci et al., 2002), and UspA2 from M. catarrhalis (Attia et al., 
2005). These are all established pathogenicity factors that are involved in adherence and 
invasion into human epithelial cells, and in the case of YadA and UspA2, also play a role 
in serum resistance. The second group included Hae BaaA6/CaaA6 and BaaA8/CaaA8 
which shared very high (>90%) identity to hypothetical proteins in other NTHI strains. 
The length of these NTHI proteins (H length, Table 6.1) is very short in comparison to all 
others (~165 residues) indicating that they are likely to represent gene fragments, perhaps 
due to the sequencing method. The majority of the NTHI strains with data available in the 
public databases result from a pan-genomic study that sequenced 12 clinical NTHI strains 
by 454 sequencing (Hogg et al., 2007). This sequencing method generates very short 
reads (400-500 base pairs), and in most cases the genomes have not been completely 
assembled, and so gene content cannot be accurately ascertained. 
 
The majority of these examples are from established virulence factors in pathogenic 
strains, however in the case of Hae, both the invasive strain F3031 and noninvasive strain 
F3047 share the same complement of TAA genes, with the exception of 1 strain-specific 
gene each, hadA and caaA7, respectively. Despite sharing most of the same TAA genes, 
variation in molecular mass, G+C content, protein length and SSR numbers was observed 
for TAA genes at respective loci, suggesting sequence diversity between the two strains 
that may underlie differences in function (Table 6.1). 
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6.2.2 Trimeric Autotransporter proteins of Hae: structure-function 
analysis 
 
6.2.2.1 The TLD domain of Hae TAAs 
Sequence comparison between the TAAs of strains F3031 and F3047 were initially based 
on the C-terminal TLD region. A ClustalW alignment of this region for all Hae TAA 
proteins was generated in order to determine the similarity of these proteins between the 
BPF clone strain and conjunctivitis strain, and to explore whether these multiple TAA 
proteins were a likely result of duplication events within each genome (paralogous), or 
individual transfer events (orthologous). Table 6.2 compares the percent identity across 
these protein sequences between strain F3031 (top row), and strain F3047 (left hand 
column). Strain F3031 and strain F3047 share very high sequence identity between 
respective TAA proteins from the same locus. High sequence identity was also observed 
between the TLD domains of BaaA1/CaaA1, BaaA2/CaaA2, and BaaA4/CaaA4, which 
share > 60% identity to each other; and between BaaA6/CaaA6 and BaaA8/CaaA8, 
which share >70% identity. This suggests that these proteins are likely to result from 
duplication events followed by recombination between the passenger domains.  
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Table 6.2 Alignment scores between the TAAs of F3031 and F3047. % amino acid sequence identity 
between the TLD sequence of all TAAs identified in the genomes of strain F3031 (top row), and F3047 
(left hand column). 
Those sharing >50% identity are shaded, x marks <25% identity, and numbers in brackets represent % 
identity over entire protein. 
 
Whole protein alignments of respective TAA proteins revealed considerable difference in 
sequence between F3031 and F3047 for Ta1 (60% identity) and BaaA2 (58% identity) in 
comparison to the others, resulting from divergent passenger domains. Yet, BaaA/CaaA4-
6 and BaaA8/CaaA8 share almost identical amino acid sequences between the two 
strains. Alignment of the TLDs between different TAA proteins revealed low sequence 
identity, in particular for BaaA3/CaaA3, BaaA5/CaaA5, BaaA/CaaA6-8 and HadA, 
suggesting that they were acquired independently and not by duplication. 
 
6.2.2.2 Structural architecture of TAA proteins 
In silico sequence analysis of these TAA proteins using InterProScan gave insight into 
domain architecture for each TAA. InterProScan is a protein signature database that 
integrates together predictive models representing protein domains, families and 
TAA BaaA1 BaaA2 BaaA3 BaaA4 BaaA5 BaaA6 BaaA8 HadA 
CaaA1  90 (60) 62 38 83 37 x x 26 
CaaA2 60 100 (58) 29 62 x x x 29 
CaaA3  30 33 97 (91) 35 42 x x 46 
CaaA4  82 62 35 100 (95) 33 x x 25 
CaaA5  37 x x 33 100 (99) x x 33 
CaaA6 x x x x x 100 (97) 73 x 
CaaA8 x x x x x 73 100 (90) x 
CaaA7  40 38 32 38 30 x x 34 
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functional sites from multiple, diverse source databases, including Gene3D, PANTHER, 
Pfam, PIRSF, PRINTS, ProDom, PROSITE, SMART, SUPERFAMILY and TIGRFAMs 
(http://www.ebi.ac.uk/Tools/InterProScan/) (Satola et al., 2008a). Significant sequence 
motif matches were used to determine the domain architecture of each TAA protein, 
which comprised the C-terminal TLD (IPR004089), the predicted N-terminal signal 
peptide (SP), and the variable passenger domains (Figure 6.3). 
 
Domain organisation within the passenger regions revealed considerable variation in the 
number and distribution of high-affinity binding domains. The passenger regions of TAA 
proteins across all strains exhibit a mosaic structure resulting from recombination 
between these regions, perhaps underlying different functions. In this case, variation in 
the presence and numbers of the haemagglutinin motifs HIM (IPR008635) and Hep_Hag 
(IPR008640) were most common. HIM and Hep_Hag motifs belong to a family of 
bacterial invasins and haemagglutinins, and are commonly associated with bacterial 
adhesins, such as the UspA1 proteins in Moraxella (Hoiczyk et al., 2000), the BadA 
protein from Bartonella (Riess et al., 2004), and the BuHA protein from Burkholderia 
(Tiyawisutsri et al., 2007). The HIM motif is approximately 20 residues long and 
frequently associated with the Hep_Hag motif, which is a seven residue repeat present in 
up to 10 copies in a single protein, making up the majority of this family. The Hep_Hag 
domain structures of the Burkholderia BuHA autotransporter proteins promote 
interactions between bacteria and cells, and  elicit a strong antibody response 
(Tiyawisutsri et al., 2007). In addition, the mosaic structure of some of the Hae TAA 
Chapter 6 
 
216 
 
passenger domains included collagen binding domains, chemotaxis sensory transducer 
motifs (IPR004089) and degenerate repeat sequences (Figure 6.4). 
 
 
Figure 6.4 Domain architecture of the Hae TAA proteins determined by InterProScan of deduced amino 
acid sequences. TAAs grouped based on phylogenetic clustering observed in Figure 6.2. The key defines 
different binding motifs, including: SP, signal peptide; TLD, translocator domain; USS, uptake signal 
sequence. 
 
Up to 14 (in CaaA2) significant Hep_Hag motif matches were made in a single TAA 
protein search using InterProScan, much greater than previously reported (Tiyawisutsri et 
al., 2007). These binding domains are exposed on the passenger domains, which protrude 
from the bacterial surface and likely to contribute different roles in pathogenesis 
dependent on their binding specificity. In the case of HadA, it appears that an adhesive 
motif is present at the N-terminal end, deletions in which did not affect expression, trimer 
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formation or localization of HadA, but did affect binding to epithelial cells (Serruto et al., 
2009b).  
 
Comparing BaaA1 and CaaA1 sequence shows that an identical 465 amino acid N-
terminal domain is followed in BaaA1 by 89 copies of a 7-residue repeat AASSSAT or a 
closely similar motif; in CaaA1 by 48 copies of AETAKAG or, again, a closely similar 
motif (Figure 6.5). These sequences are not related by frameshift. The sequences 
converge again at the C-terminus, with a stretch of similar sequence followed by virtually 
identical TLDs. 
 
Figure 6.5 BaaA1 (left) and CaaA1 (right) comparison sequence. Degenerative repeats are indicated by 
alternate shaded/unshaded 7-residue segments.  
 
This repeat potentially forms a greatly extended stalk structure, holding receptor binding 
domains away from the bacterial surface, and may be important in the special virulence 
of the BPF clone.  In the prototypic TAA YadA, a series of seven 15-mer repeats in the 
stalk region appears to have such a spacer function between the head and the anchor in 
the outer membrane (Mota et al., 2005), and has been implicated in serum resistance. The 
>TAB1 89 7-aa repeats AASSSAT 
MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATLVTSILASSVS 
YADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFLSASNAVNSLNKMLGHYKGFV 
HVNSEGDKTNKTGIWDDWLTAKTSKVEAETKNSGGAFSYNLGKFTEKSGAQGSRSVAVGV 
YANALAADSIAIGSRANVNNYWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLAST 
PYALKPDNSIAIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR 
ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGAYAAANGDRTV 
AIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVIGNGAQAKAAASYSITLGNSA 
KTEAATGISIGDRANVASGANSGIALGKSAVANKSGDIAIGESSSTSDKHTVNGLKIGDT 
TLSTGVAATNNGTVSFGNNNVKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTT 
YTFKVNGQDVKIMQNKAVSATNNANNTLDFKAGDGLEVAYENGAVTYKLNSESKKSIADA 
KAAAKTVSDKLVEINKSVERAETAASSAASSASAASTSASAASSSATAASDSASAASSSA 
TAASSSATAASSSASAANSSATAASSSASASAASSSATAASDSASAASSSASAASSSATA 
ASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSS 
ATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAA 
SSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSA 
SAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAAS 
SSASAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSAS 
AASSSASAASSSATAASDSASAASSSASAASSSATAASDSASAASSSASAASSSATAASD 
SASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSSATA 
ASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSS 
ATAASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAA 
SSSAAAAAITAQRIENSGLISKDGKTAFAADNTSNRNSSKAKGKDATAMGYGSNASGENT 
TALGNNSQASAKNATAIGQGAKAKAENAVAIGQGSVANEKDTVSVGNDGSNGQPIVNRRI 
TNVATPIHNTDAVNKQYVDNSVNSVRNELKQTDKKLRGGIAGAVAMANIPTANRAGGTMI 
GLGVGNFKGQNAVAVGMSKSSDNNRIHFKVSGSATSTGDYAVGGGIGYQW 
 
>TAC1 48 7-aa repeats AEAAKTA 
MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATLVTSILASSVS 
YADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFLSASNAVNSLNKMLGHYKGFV 
HVNSEGDKTNKTGIWYDWLTAKTSKVEAETKNSGGAFSYNLGKFTEKSGAQGSRSVAVGV 
YANALAADSIAIGSRANVNNYWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLAST 
PYALKPDNSIAIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR 
ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGAYAAANGDRTV 
AIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVIGNGAQAKAAASYSITLGNSA 
KTEAATGISIGDRANVASGANSGIALGKSAVANKSGDIAIGESSSTSDKHTVNGLKIGDT 
TLSTGVAATNNGTVSFGNNNVKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTT 
YTFKVNGQDVKIMQNKAVSATNNANNTLDFKAGDGLDVVYENNNAVTYKLNADSKQAIAD 
AKTAATTVTNKLQEINQSVTRAETAAGKAEAAKTAAETARTGAEAAKTAAETAKAGAEAA 
KTAAVTAQGKAEAAKTAAETAKAGAETAKVGAEAAKDAAETAKTGAEAAKDKAEAAKTAA 
ETARTGAEAAKTAAETAKAGAEAAKTAAVTAQGKAEAAKTAAETAKAGAETAKVGAEAAK 
DAAETAKTGAEAAKDKAEAAKTAAETARTGAEAAKTAAETAKAGAETAKVGAEAAKDAAE 
TAKTGAEAAKDKAEAAKTAAVTAQGKAEAAKTAAETAKAGAEAAKTAAVTAQGKAEAAKT 
AAETAKAGAEAAKTAAVTAQGKAEAAKTVAETARTGAEAAKTAAETAKTAAETAADKAKD 
SENTVKVIKDRIEGSGLISADGKTSFASNNASNRESAKASGKDSTAMGYGSEAKGDHSTA 
LGNNAKAHAEHSTAIGHNAEAKAAGSVALGEGSVAKEENTVSVGDIGHERRITNVQDPKN 
LTDAANKRYVDHSVNSVRNELKQTDRKLRGGIAGAVAMANIPTVSNAGGAMIGLGVGNFK 
GQNAVAIGLSKSSDNNRIHFKVSGSATSAGDYAVGGGIGYQW 
>TAB1 89 7-aa repeats AASSSAT 
MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATLVTSILASSVS 
YADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFLSASNAVNSLNKMLGHYKGFV 
HVNSEGDKTNKTGIWDDWLTAKTSKVEAETKNSGGAFSYNLGKFTEKSGAQGSRSVAVGV 
YANALAADSIAIGSRANVNNYWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLAST 
PYALKPDNSIAIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR 
ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGAYAAANGDRTV 
AIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVIGNGAQAKAAASYSITLGNSA 
KTEAATGISIGDRANVASGANSGIALGKSAVANKSGDIAIGESSSTSDKHTVNGLKIGDT 
TLSTGVAATNNGTVSFGNNNVKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTT 
YTFKVNGQDVKIMQNKAVSATNNANNTLDFKAGDGLEVAYENGAVTYKLNSESKKSIADA 
KAAAKTVSDKLVEINKSVERAETAASSAASSASAASTSASAASSSATAASDSASAASSSA 
TAASSSATAASSSASAANSSATAASSSASASAASSSATAASDSASAASSSASAASSSATA 
ASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSS 
ATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAA 
SSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSA 
SAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAAS 
SSASAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSAS 
AASSSASAASSSATAASDSASAASSSASAASSSATAASDSASAASSSASAASSSATAASD 
SASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSSATA 
ASDSASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSS 
ATAASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAA 
SSSAAAAAITAQRIENSGLISKDGKTAFAADNTSNRNSSKAKGKDATAMGYGSNASGENT 
TALGNNSQASAKNATAIGQGAKAKAENAVAIGQGSVANEKDTVSVGNDGSNGQPIVNRRI 
TNVATPIHNTDAVNKQYVDNSVNSVRNELKQTDKKLRGGIAGAVAMANIPTANRAGGTMI 
GLGVGNFKGQNAVAVGMSKSSDNNRIHFKVSGSATSTGDYAVGGGIGYQW 
 
>TAC1 48 7-aa repeats AEAAKTA 
MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATLVTSILASSVS 
YADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFLSASNAVNSLNKMLGHYKGFV 
HVNSEGDKTNKTGIWYDWLTAKTSKVEAETKNSGGAFSYNLGKFTEKSGAQGSRSVAVGV 
YANALAADSIAIGSRANVNNYWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLAST 
PYALKPDNSIAIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR 
ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGAYAAANGDRTV 
AIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVIGNGAQAKAAASYSITLGNSA 
KTEAATGISIGDRANVASGANSGIALGKSAVANKSGDIAIGESSSTSDKHTVNGLKIGDT 
TLSTGVAATNNGTVSFGNNNVKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTT 
YTFKVNGQDVKIMQNKAVSATNNANNTLDFKAGDGLDVVYENNNAVTYKLNADSKQAIAD 
AKTAATTVTNKLQEINQSVTRAETAAGKAEAAKTAAETARTGAEAAKTAAETAKAGAEAA 
KTAAVTAQGKAEAAKTAAETAKAGAETAKVGAEAAKDAAETAKTGAEAAKDKAEAAKTAA 
ETARTGAEAAKTAAETAKAGAEAAKTAAVTAQGKAEAAKTAAETAKAGAETAKVGAEAAK 
DAAETAKTGAEAAKDKAEAAKTAAETARTGAEAAKTAAETAKAGAETAKVGAEAAKDAAE 
TAKTGAEAAKDKAEAAKTAAVTAQGKAEAAKTAAETAKAGAEAAKTAAVTAQGKAEAAKT 
AAETAKAGAEAAKTAAVTAQGKAEAAKTVAETARTGAEAAKTAAETAKTAAETAADKAKD 
SENTVKVIKDRIEGSGLISADGKTSFASNNASNRESAKASGKDSTAMGYGSEAKGDHSTA 
LGNNAKAHAEHSTAIGHNAEAKAAGSVALGEGSVAKEENTVSVGDIGHERRITNVQDPKN 
LTDAANKRYVDHSVNSVRNELKQTDRKLRGGIAGAVAMANIPTVSNAGGAMIGLGVGNFK 
GQNAVAIGLSKSSDNNRIHFKVSGSATSAGDYAVGGGIGYQW 
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importance of such a stalk domain is also demonstrated in other pathogens.  In 
Streptococcus agalactiae (the major cause of invasive bacterial disease in newborn 
infants), tandem repeating units extending the protective cell surface-associated Alpha C 
protein (Alp) play a role in immune evasion, and a long repeat region appears to enhance 
virulence in humans (Gravekamp et al., 1997; Gravekamp et al., 1998).  
 
6.2.2.3 Nucleotide composition 
TAA proteins are often harboured on mobile genetic elements, and as such are often of 
atypical nucleotide composition in comparison to the rest of the genome. The Neisseria 
NadA protein, which is only present in hypervirulent subgroups, has an unusual G+C 
content suggesting recent acquisition (Comanducci et al., 2002). Several other examples 
exist where such islands are only present in a subset of more virulent strains, such as the 
Yersinia YadA protein, encoded by a gene located on the pYV virulence plasmid, which 
is harboured by only pathogenic strains of Yersinia (El Tahir and Skurnik, 2001). The 
average G+C nucleotide content across each gene differed from the genome average of 
38% in most cases (range 35- 48%), and was greater than 40% for BaaA1/CaaA1, 
BaaA2/CaaA2, BaaA4/CaaA4, BaaA5/CaaA5, BaaA6/CaaA6, and BaaA8/CaaA8. In the 
case of BaaA1 and BaaA2/CaaA2 in particular, G+C content was 47-48%, considerably 
higher than the genome average. Atypical G+C content suggests that some of these genes 
were acquired more recently by horizontal gene transfer (Table 6.1). 
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6.2.2.4 Phase variation and Simple Sequence Repeats 
Sequence analysis revealed that all of the Hae TAA genes, except hadA and the truncated 
baaA9/caaA9, are associated with SSRs, suggesting that phase-variation may play an 
important role in their expression (Table 6.1; Figure 6.6). Since TAA proteins are 
surface-exposed and likely to elicit an immune response within the host, PV of these 
genes may be advantageous to bacterial survival within the host. The SSR units are 
within the coding sequence of the gene for BaaA2/CaaA2, BaaA3/CaaA3 and 
BaaA/CaaA6-8, which for the most part (except BaaA2/CaaA2) result in a frameshift 
mutation and the gene being out-of-frame at the time of sequencing. In three cases, 
BaaA1/CaaA1, BaaA4/CaaA4 and BaaA5/CaaA5, the associated SSRs are located 
upstream of the gene within the promoter region, modulating gene expression by the 
number of repeats, which alter the distance between the promoter components that 
interact with RNA polymerase, whereby an optimal number of repeats results in 
transcription. The association of most of the Hae TAAs with SSRs suggests that these 
strains exploit PV as a mechanism of generating a variable population of infecting strains. 
The generation of alternative phenotypes within a population facilitates adaptation to 
changing environmental conditions, increasing the chances of survival of certain variants 
by preventing and/or evading the host immune response. The variable expression of the 
Hae TAA genes is likely to have important evolutionary and functional implications. 
 
 
 
 
Chapter 6 
 
220 
 
 
Figure 6.6 Hae TAAs and their associated SSRs. The SSRs are located either within the CDS or upstream 
within the promoter region of the gene. 
 
6.2.2.5 Genetic variation and the Uptake Signal Sequence  
Genetic variation between bacterial strains results from either mutation or recombination 
as a consequence of horizontal gene transfer from other bacteria or from the environment. 
Strains of H. influenzae may naturally develop competence for transformation and then 
readily take up DNA, contributing to the diversity observed between different strains. For 
the most part, this DNA is degraded when it enters the cell, but occasionally it 
recombines into the chromosome leading to genetic variation. In H. parasuis, it has been 
speculated that recombination occurs between the passenger domains of different TAA 
genes (the VtAa family), assisted by the homologous regions provided by the conserved 
terminal domains (Pina et al., 2009). DNA is preferentially taken up by H. influenzae if it 
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contains the Haemophilus uptake signal sequence (USS), which consists of the core 9-bp 
consensus sequence 5‟-AAGTGCGGT-3‟, highly over-represented in the H. influenzae 
strain Rd KW20 genome: 1,465 copies (Smith et al., 1995). The Haemophilus USS is 
also present in the Hae genomes (Section 7.2.1.3), and sequence analysis revealed its 
presence within and flanking several of these TAA genes, suggesting they may be sites 
where DNA was preferentially taken up externally and integrated into the chromosome 
(Figure 6.4). 
 
6.2.3 PCR confirmation of the presence of baaA/caaA genes in a 
panel of Hae isolates 
Primers were designed for each of the Hae TAA genes based on the nucleotide sequences 
from the F3031 and F3047 genomes (Section 2.6.1; Table 2.4). In most cases, the same 
forward and reverse primer pair could be used for all strains, except for baaA1/caaA1, for 
which a strain-specific reverse primer was designed due to differences in sequence 
downstream of the ta1 gene (TA1f and TAB1r/TAC1r; Figure 6.7). PCR analysis of the 
baaA/caaA genes across a range of isolates indicated that these genes are widespread 
amongst strains of Hae (Table 6.3). Gel electrophoresis of PCR products revealed 
variation between strains through differences in band size, clearly demonstrated by the 
baaA1/caaA1 gene (see Section 6.2.5.1; Figure 6.14). When no product was amplified, 
PCR reactions were repeated several times to confirm that this was not due to reaction 
failure. Negative results could be due to absence of the gene, but may also be failure of 
the PCR primers to hybridise due to sequence variation. Size variation was observed 
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between Hae isolates for baaA1/caaA1, baaA2/caaA2 and baaA5/caaA5. For each gene, 
the BPF clone isolates had identical band patterns, but the conjunctivitis isolates appeared 
to be more variable. Amplification of baaA5/caaA5 gave products of 2 different sizes, all 
BPF clone strains and 4 conjunctivitis isolates (both case-associated and control) 
amplified larger PCR products than the remaining 8 conjunctivitis strains. The 
distribution of hadA has been previously investigated by Southern blot analysis, in a 
panel of H. influenzae strains, and only BPF clone isolates hybridised with the hadA 
probe (Serruto et al., 2009b). Interestingly, two case-associated conjunctivitis strains of 
Hae, F3050 and F3099, had the same TAA gene profile as the BPF clone isolates, 
indicated by presence of hadA but absence of caaA7, suggesting that these are in fact 
BPF clone isolates that in these children only caused conjunctivitis.  
 
Table 6.3 Prevalence of the baaA/caaA genes in a range of Hae strains. 
No. Strain Clinical 
setting 
Geographical 
Location 
b/c
aaA
1¥ 
b/c
aaA
2¥ 
b/c
aaA
3 
b/c
aaA
4 
b/c
aaA
5¥ 
b/c
aaA
6 
b/c
aaA
7 
b/c
aaA
8 
hadA 
1 F1951 CA Promissao + + + + + + + + - 
2 F1947 CA Promissao + + + + + + + + - 
3 F2029 CA Bauru + + + + + + + + - 
4 F2068 CA Garca + + + + + + + + - 
5 F3050 CA Serrana + + + + + + - + + 
6 F3098 C Ribeirao Preto + + + + + + + + - 
7 F3093 C Guariba + + + + + + + + - 
8 F3099 CA Serrana + + + + + + - + + 
9 F3118 C Ribeirao Preto + + + + + + + + - 
10 F3119 C Ribeirao Preto + + + + + + + + - 
11 F3121 C Ribeirao Preto + + + + + + + + - 
12 F3125 CA Serrana + + + + + + + + - 
13 F3031 BPF Serrana + + + + + + - + + 
14 F3037 BPF Guatapara + + + + + + - + + 
15 G1100 BPF Valparaiso + + + + + + - + + 
16 H15 BPF Serrana + + + + + + - + + 
17 Rd 
KW20 
laboratory 
isolate 
 - - - - - - - - - 
C and CA indicate control and case-associated strains, respectively. All C and CA strains were isolated 
from conjunctiva and BPF strains from blood. + indicates positive PCR result, b/caaA ¥ indicates PCR 
product size variation between different strains, and - indicates no band present in gel electrophoresis, 
which may be due to failed PCR. 
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6.2.4 The Hae BaaA1/CaaA1 locus  
While baaA1 and caaA1 are at the same chromosomal locus in F3031 and F3047, there 
are additional genes downstream of baaA1 that are absent from F3047 (Figure 6.7). 
Immediately downstream of baaA1 is HIBPF06250, homologous to a gene encoding a 
protein of unknown function that lies tandemly repeated downstream of cha, the TAA in 
the Haemophilus cryptic genospecies (Sheets et al., 2008), referred to above.  Using the 
HIBPF06250 amino acid sequence as a search string for similar proteins elsewhere in the 
two Hae genomes, two further homologues lie downstream of both baaA2 and caaA2, 
although not caaA1.  It seems plausible that this gene‟s product may play some part in 
TAA expression or function.  In F3031, baaA1 and this associated gene lie adjacent to the 
copy of IS1016 identified above as a marker of the BPF clone, suggesting the possibility 
that the locus may have arrived, or been modified, through the agency of this mobile 
genetic element. 
 
 
 
Figure 6.7 The BaaA1/CaaA1 locus in Hae. Strain F3031 above and F3047 below. F3031 has 2 additional 
CDSs adjacent to BaaA1: HIBPF06250, encoding a conserved hypothetical protein, and IS1016. Flanking 
genes shown in solid black are homologous (>98% amino acid identity) between the two strains. TA 
repeats occur upstream within the promoter region of each TAA. 
 
TA5
caaA1HICON14830 HICON14850
TA8
baaA1
HIBPF06250
HIBPF06330HIBPF06220
IS1016
F3031
F3047
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ClustalW alignment of the cha-associated gene products indicates that they share 69% 
identity to each other, and 62% identity to HIBPF06250 (Figure 6.6). The conserved 
hypothetical genes downstream of BaaA2/CaaA2 are identical in F3031 and F3047, and 
share 98% identity to each other. They also share 58% and 65% identity to HIBPF06250, 
and 53-65% identity to the Cha-associated genes (Figure 6.8). Association of these 
conserved hypothetical proteins with the TAA genes in considerably divergent strains of 
Haemophilus suggests an ancestral arrangement of these genes that may be important in 
TAA expression and function. 
 
 
Figure 6.8 Distribution of the BaaA1/CaaA1, BaaA2/CaaA2, and Cha-associated genes (bold black 
features) from Hae strains F3031, F3047 and Haemophilus cryptic genospecies. % sequence identity of this 
gene between strains shown on blue dashed lines. 
 
6.2.4.1 The baaA1/caaA1 gene 
Although the baaA1/caaA1 gene is present in both the BPF clone and conjunctivitis 
strains of Hae, there are considerable differences in size: 140 kDa versus 119 kDa, G+C 
content: 47% versus 43%, and sequence between the F3031 and F3047 variants, 
respectively (Figure 6.9).   
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Figure 6.9 Schematic comparison of the domain organisation of BaaA1/CaaA1 from the BPF clone strain 
F3031 (BaaA1) and conjunctivitis strain F3047 (CaaA1). The N-terminal SP are coloured in blue and C-
terminal TLD in red. The passenger domain is coloured in green where the sequence is identical and orange 
where the sequence differs between BaaA1 and CaaA1. The horizontal line in CaaA1 represents missing 
sequence. 
 
Nucleotide composition across the baaA1/caaA1 gene locus revealed significant variation 
over different segments of the gene in each of baaA1 and caaA1, shown by a G+C 
percentage plot (Figure 6.10). In both F3031 and F3047, the b/caaA1 gene has an 
atypically high % G+C content, 47 and 43% respectively. The two F3031-specific 
flanking genes, HIBPF06250 and IS1016, exhibit lower than average % G+C content, 
suggesting in both cases that this gene is likely to have been acquired more recently 
through horizontal gene transfer. Furthermore, it appears that there may have been 
recombination within the b/caaA1 gene itself, resulting in such dramatic variation in 
nucleotide composition (Figure 6.10). The presence of a GC-rich degenerative repeat in 
baaA1, results in a region of 623 bases with an average G+C content of 58%. In the case 
of caaA1, G+C content ranges from 28 – 60%, with an average of 53% over 336 bases. 
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Figure 6.10 G+C deviation from average across the BaaA1/CaaA1 locus in Hae strains F3031 (above) and 
F3047 (below). Features coloured in blue blocks represent SSR repeat units, and those in orange are the 
F3031-specific genes HIBPF06250 and IS1016. 
 
6.2.4.2 The BaaA1/CaaA1 protein  
The baaA1/caaA1 gene product is a protein of 1490 residues in strain F3031 and 1182 
residues in strain F3047, each with a predicted leader peptide of 51 amino acids and C-
terminal TLD of 78 amino acids. Alignment of translated baaA1 and caaA1 genes 
revealed that the amino acid sequences share 90% identity over the C-terminal domain, 
which drops to 60% across the whole protein due to variation in the passenger domains 
(Figure 6.11). Sequence analysis revealed differences in numbers of HIM and Hep_Hag 
motifs, and a very divergent degenerative repeat region present in both genes. 
BaaA1        1 MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATL     50 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1        1 MNRIFKIIWNKTTQRLEVVSELTKGAVKASSTSSSEKNNKTLPISILATL     50 
 
BaaA1       51 VTSILASSVSYADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFL    100 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1       51 VTSILASSVSYADKINYNDIPTQGVAVVSDKDSDILRNMALEGTESLGFL    100 
 
BaaA1      101 SASNAVNSLNKMLGHYKGFVHVNSEGDKTNKTGIWDDWLTAKTSKVEAET    150 
               |||||||||||||||||||||||||||||||||||.|||||||||||||| 
CaaA1      101 SASNAVNSLNKMLGHYKGFVHVNSEGDKTNKTGIWYDWLTAKTSKVEAET    150 
 
BaaA1      151 KNSGGAFSYNLGKFTEKSGAQGSRSVAVGVYANALAADSIAIGSRANVNN    200 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      151 KNSGGAFSYNLGKFTEKSGAQGSRSVAVGVYANALAADSIAIGSRANVNN    200 
 
BaaA1      201 YWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLASTPYALKPDNSI    250 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      201 YWGNQYREALNGIAIGRQAQVEGAINSIAFGTNAKLLASTPYALKPDNSI    250 
 
BaaA1      251 AIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR    300 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      251 AIGNNSTVNWASNAIALGNNASITGAHAVNGAWQGSDNSIAIGHETKIGR    300 
 
38
38
%
G+C
70
70
5
5
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BaaA1      301 ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGA    350 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      301 ENTVAIGSNVNAQRENTVAIGTNVTAKRENSVVIGQNAKGELERVVAIGA    350 
 
BaaA1      351 YAAANGDRTVAIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVI    400 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      351 YAAANGDRTVAIGPEATANGSKSIVIGGLGNNKTDNKAQSEKGATQAIVI    400 
 
BaaA1      401 GNGAQAKAAASYSITLGNSAKTEAATGISIGDRANVASGANSGIALGKSA    450 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      401 GNGAQAKAAASYSITLGNSAKTEAATGISIGDRANVASGANSGIALGKSA    450 
 
BaaA1      451 VANKSGDIAIGESSSTSDKHTVNGLKIGDTTLSTGVAATNNGTVSFGNNN    500 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      451 VANKSGDIAIGESSSTSDKHTVNGLKIGDTTLSTGVAATNNGTVSFGNNN    500 
 
BaaA1      501 VKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDV    550 
               |||||||||||||||||||||||||||||||||||||||||||||||||| 
CaaA1      501 VKRQIQNVGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDV    550 
 
BaaA1      551 KIMQNKAVSATNNANNTLDFKAGDGLEVAYE-NGAVTYKLNSESKKSIAD    599 
               ||||||||||||||||||||||||||:|.|| |.|||||||::||::||| 
CaaA1      551 KIMQNKAVSATNNANNTLDFKAGDGLDVVYENNNAVTYKLNADSKQAIAD    600 
 
BaaA1      600 AKAAAKTVSDKLVEINKSVERAETAASSAASSASAASTSASAASSSATAA    649 
               ||.||.||::||.|||:||.||||||..|.::.:||.|             
CaaA1      601 AKTAATTVTNKLQEINQSVTRAETAAGKAEAAKTAAET------------    638 
 
BaaA1      650 SDSASAASSSATAASSSATAASSSASAANSSATAASSSASASAASSSATA    699  
                                                       
CaaA1      639 --------------------------------------------------    638 
 
 
BaaA1      700 ASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAANSSATAA    749 
                                                                   
CaaA1      639 --------------------------------------------------    638 
 
BaaA1      750 SSSASAASSSATAASDSASAASSSASAASSSATAASDSASAASSSATAAS    799 
                                                                        
CaaA1      639 --------------------------------------------------    638 
 
BaaA1      800 SSASAANSSATAASSSASAASSSATAASDSASAASSSASAASSSATAASD    849 
                                  |.:.|.||..:|..|.:.|.||.::|..|.. 
CaaA1      639 -------------------ARTGAEAAKTAAETAKAGAEAAKTAAVTAQG    669 
 
BaaA1      850 SASAASSSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSS    899 
               .|.||.::|..|.:.|..|...|.||..:|..|.:.|.||.|.|.||.:: 
CaaA1      670 KAEAAKTAAETAKAGAETAKVGAEAAKDAAETAKTGAEAAKDKAEAAKTA    719 
 
BaaA1      900 ASAASSSATAASDSASAASSSATAASSSASAANSSATAASSSASAASSSA    949 
               |..|.:.|.||..:|..|.:.|.||.::|..|...|.||.::|..|.:.| 
CaaA1      720 AETARTGAEAAKTAAETAKAGAEAAKTAAVTAQGKAEAAKTAAETAKAGA    769 
 
BaaA1      950 TAASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAANSSAT    999 
               ..|...|.||..:|..|.:.|.||.|.|.||.::|..|.:.|.||.::|. 
CaaA1      770 ETAKVGAEAAKDAAETAKTGAEAAKDKAEAAKTAAETARTGAEAAKTAAE    819 
 
BaaA1     1000 AASSSASAASSSATAASDSASAASSSASAASSSATAASDSASAASSSASA   1049 
               .|.:.|..|...|.||.|:|..|.:.|.                       
CaaA1      820 TAKAGAETAKVGAEAAKDAAETAKTGAE----------------------    847 
 
BaaA1     1050 ASSSATAASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAA   1099 
                                          ||.|.|.||.::|..|...|.|| 
CaaA1      848 ---------------------------AAKDKAEAAKTAAVTAQGKAEAA    870 
 
 
BaaA1     1100 NSSATAASSSASAASSSATAASDSASAASSSASAASSSATAASDSASAAS   1149 
               .::|..|.:.|.||.::|..|...|.||.::|..|.:.|.||..:|..|. 
CaaA1      871 KTAAETAKAGAEAAKTAAVTAQGKAEAAKTAAETAKAGAEAAKTAAVTAQ    920 
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BaaA1     1150 SSATAASSSASAANSSATAASSSASAASSSATAASDSASAASSSASAASS   1199 
               ..|.||.:.|..|.:.|.||.                              
CaaA1      921 GKAEAAKTVAETARTGAEAAK-----------------------------    941 
 
BaaA1     1200 SATAASDSASAASSSASAASSSATAASDSASAASSSATAASSSASAANSS   1249 
                                                          :||.:: 
CaaA1      942 --------------------------------------------TAAETA    947 
 
BaaA1     1250 ATAASSSASAASSSAAAAAITAQRIENSGLISKDGKTAFAADNTSNRNSS   1299 
               .|||.::|..|..|.....:...|||.|||||.||||:||::|.|||.|: 
CaaA1      948 KTAAETAADKAKDSENTVKVIKDRIEGSGLISADGKTSFASNNASNRESA    997 
 
BaaA1     1300 KAKGKDATAMGYGSNASGENTTALGNNSQASAKNATAIGQGAKAKAENAV   1349 
               ||.|||:|||||||.|.|:::||||||::|.|:::||||..|:|||..:| 
CaaA1      998 KASGKDSTAMGYGSEAKGDHSTALGNNAKAHAEHSTAIGHNAEAKAAGSV   1047 
 
BaaA1     1350 AIGQGSVANEKDTVSVGNDGSNGQPIVNRRITNVATPIHNTDAVNKQYVD   1399 
               |:|:||||.|::|||||:.|.      .||||||..|.:.|||.||:||| 
CaaA1     1048 ALGEGSVAKEENTVSVGDIGH------ERRITNVQDPKNLTDAANKRYVD   1091 
 
BaaA1     1400 NSVNSVRNELKQTDKKLRGGIAGAVAMANIPTANRAGGTMIGLGVGNFKG   1449 
               :|||||||||||||:|||||||||||||||||.:.|||.||||||||||| 
CaaA1     1092 HSVNSVRNELKQTDRKLRGGIAGAVAMANIPTVSNAGGAMIGLGVGNFKG   1141 
 
BaaA1     1450 QNAVAVGMSKSSDNNRIHFKVSGSATSTGDYAVGGGIGYQW   1490 
               |||||:|:|||||||||||||||||||.||||||||||||| 
CaaA1     1142 QNAVAIGLSKSSDNNRIHFKVSGSATSAGDYAVGGGIGYQW   1182 
 
Figure 6.11 Amino acid alignment of BaaA1 versus CaaA1 using EBLOSUM62 matrix 
(http://www.ebi.ac.uk/). Region amplified for sequencing marked by dark highlighting, from line position 
501 for BaaA1/CaaA1 to 700 for BaaA1 and 670 for CaaA1. 78 residue putative TLD shaded. 
 
6.2.4.3 Sequence variation in the baaA1/caaA1 gene of Hae  
To capture any further variation between different isolates of Hae, primers were designed 
to sequence an internal fragment of the baaA1/caaA1 gene (Figure 6.11, marked 
residues). The internal primer, TA1_3f, was designed to sequence a fragment which 
spanned from the end of the identical region at the N-terminal end into the variable 
region. Eight isolates were sequenced using this primer, and their resulting sequences 
aligned along with the 2 genome sequences (Figure 6.12). One strain, F3125, repeatedly 
failed to be sequenced and so was not included. Three different baaA1/caaA1 variants 
were observed (Figure 6.12). The first group included F2068, a case-associated strain 
from Garca, and F3098, a control strain from Ribeirao Preto. The following group (next 4 
rows) consisted of the conjunctivitis genome strain F3047, the CA strain F2029 from 
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Bauru, and two control strains F3093 and F3118 from Guariba and Ribiero Preto, 
respectively. All BPF clone isolates, F3031, F3037 and G1100, were identical. There is 
no apparent association with conjunctivitis strains and geographical location for BPF 
clone isolates of Hae.  
 
F2068  VGAGEISATSSDVITGSQLYHVIKAADEIAKTEYKFQVNGTDIKTMRNNGTSATNNANNT 
F3098  VGAGEISATSSDVITGSQLYHVIKAADEIAKTEYKFQVNGTDIKTMRNNGTSATNNANNT 
F3047  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
F2029  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
F3093  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
F3118  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
F3031  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
F3037  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
G1100  VGAGEISENSSDAITGSQLYSVIKATDEIAKTTYTFKVNGQDVKIMQNKAVSATNNANNT 
       ******* .***.******* ****:****** *.*:*** *:* *:*:..********* 
 
F2068  LNFKAADGLDVVYE--NAVTYKLNADSKQAITDAKTAAQTVTTKLNEINTSVARAETAAS 
F3098  LNFKAADGLDVVYE--NAVTYKLNADSKQAITDAKTAAQTVTTKLNEINTSVARAETAAS 
F3047  LDFKAGDGLDVVYENNNAVTYKLNADSKQAIADAKTAATTVTNKLQEINQSVTRAETAAG 
F2029  LDFKAGDGLDVVYENNNAVTYKLNADSKQAIADAKTAATTVTNKLQEINQSVTRAETAAG 
F3093  LDFKAGDGLDVVYENNNAVTYKLNADSKQAIADAKTAATTVTNKLQEINQSVTRAETAAG 
F3118  LDFKAGDGLDVVYENNNAVTYKLNADSKQAIADAKTAATTVTNKLQEINQSVTRAETAAG 
F3031  LDFKAGDGLEVAYE--NAVTYKLNSESKKSIADAKAAAKTVSDKLVEINKSVERAETAAS 
F3037  LDFKAGDGLEVAYE--NAVTYKLNSESKKSIADAKAAAKTVSDKLVEINKSVERAETAAS 
G1100  LDFKAGDGLEVAYE--NAVTYKLNSESKKSIADAKAAAKTVSDKLVEINKSVERAETAAS 
       *:***.***:*.**  ********::**::*:***:** **: ** *** ** ******. 
 
F2068  NA----ASSATAAGKSATSAATSATEAGKAKDA--------VTAKTAAETAATEAGKAKT 
F3098  NA----ASSATAAGKSATSAATSATEAGKAKDA--------VTAKTAAETAATEAGKAKT 
F3047  KA----EAAKTAAETARTGAEAAKTAAETAKAG--------EAAKTAAVTAQGKAEAAKT 
F2029  KA----EAAKTAAETARTGAEAAKTAAETAKAG--------EAAKTAAVTAQGKAEAAKT 
F3093  KA----EAAKTAAETARTGAEAAKTAAETAKAG--------EAAKTAAVTAQGKAEAAKT 
F3118  KA----EAAKTAAETARTGAEAAKTAAETAKAGAEAAKTGAEAAKTAAVTAQGKAEAAKT 
F3031  SAASSASAASTSASAASSSATAASDS-------ASAASSSATAASSSATAASSSASAANS 
F3037  SAASSASAASTSASAASSSATAASDS-------ASAASSSATAASSSATAASSSASAANS 
G1100  SAASSASAASTSASAASSSATAASDS-------ASAASSSATAASSSATAASSSASAANS 
       .*     :: *:*  : :.* ::                   :*.::* :*  .*  *:: 
 
F2068  AAEAARDIA--NTKAGEAATSATEAGKAKDAAVIAKTTAET 
F3098  AAEAARDIA--NTKAGEAATSATEAGKAKDAAVIAKTTAET 
F3047  AAETAKAGA--ETAKVGAEAAKDAAETAKTGAEAAKDKAEA 
F2029  AAETAKAGA--ETAKVGAEAAKDAAETAKTGAEAAKDKAEA 
F3093  AAETAKAGA--ETAKVGAEAAKDAAETAKTGAEAAKDKAEA 
F3118  AAETAKAGA--ETAKVGAEAAKDAAETAKTGAEAAKDKAEA 
F3031  SATAASSSASASAASSSATAASDSASAASSSASAASSSA-T 
F3037  SATAASSSASASAASSSATAASDSASAASSSASAASSSA-T 
G1100  SATAASSSASASAASSSATAASDSASAASSSASAASNSA-T 
       :* :*   *  .:    * ::   *  *. .*  *. .* : 
Figure 6.12 Deduced amino acid sequence alignment of BaaA1/CaaA1 from 9 Hae isolates. Three 
different groups formed.  
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In summary, phase-variable BaaA1 has a predicted molecular weight of 140 kDa, 
comparable to Rubin‟s phase-variable P145 (Rubin, 1995a; Rubin, 1995b) described in 
Section 1.3.2.1.  Searching the whole sequenced genome identifies no other potentially 
phase-variable proteins of this size.  It seems likely that the phase variable OMP 
implicated in serum resistance is in fact this protein, and that this – perhaps with other 
BPF clone TAAs – plays a part in the invasive virulence of this emergent pathogen. To 
investigate the possible role of baaA1/caaA1 in the biology of BPF clone and 
conjunctivitis strains, variants of this gene were expressed in E. coli for functional 
analysis using in vitro models of pathogenesis. 
 
6.2.5 BaaA1/CaaA1 gene expression and cloning 
To investigate whether the baaA1/caaA1 gene is potentially functional in both of these 
strains, its transcription, and that of the associated hypothetical gene HIBPF06250 of 
F3031, were determined by means of RT-PCR. RNA was extracted from conjunctivitis 
strain F3118 and BPF clone strain G1100 and electrophoresed on a gel to ensure that the 
RNA had not been degraded during this process (Figure 6.13). 
 
Figure 6.13 Gel electrophoresis of RNA extracted from strains G1100 and F3118. Lanes: 1, E. coli RNA 
control; 2, G1100 RNA; 3 E.coli RNA control; 4, F3118 RNA. 
 
Extracted RNA was then reverse transcribed into its complementary DNA (cDNA), and a 
specific fragment internal to the genes of interest, was amplified using the respective 
primers for the baaA1/caaA1 and HIBPF06250 genes. The resulting products were run on 
23S
16S
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a gel to detect expression of these genes. The results indicate that the b/caaA1 gene is 
expressed in both strains, and HIBPF06250 is also expressed in strain G1100 but not 
conjunctivitis strain F3118, as expected (Figure 6.14). 
 
                                                 baaA1/caaA1                          HIBPF06250 
 
Figure 6.14 Gel electrophoresis of RT-PCR products from strains F3118 and G1100. A) B/CaaA1 products 
from lanes 1, G1100; 2, G1100 negative control; 3, F3118; 4, F3118 negative control; 5, G1100 positive 
DNA control; 6, F3118 positive DNA control. B) HIBPF06250 products from lanes: 1, G1100; 2, G1100 
negative control; 3, F3118; 4, F3118 negative control; 5,G1100 DNA control; 6, F3118 DNA control. 
Ladder indicates size in bp. 
 
Having confirmed transcription of the baaA1/caaA1 gene in both strains of Hae, the 
entire gene was amplified by long PCR from both BPF clone and conjunctivitis isolates 
for analysis of variation between a range of Hae isolates, and with the view of cloning 
this gene into a plasmid vector.  
 
6.2.5.1 Long PCR of baaA1/caaA1 in Hae 
Long PCR was carried out using the Expand Long Template PCR system from Roche 
Applied Sciences (Section 2.6.2). This system was chosen to increase fidelity across the 
baaA1/caaA1 gene, due to its large size and presence of a large degenerative repeat 
domain (Figure 6.4).  
 
1018
506
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A 
 
B 
 
Figure 6.15 Long PCR products from a selection of BPF clone and conjunctivitis isolates listed in Table 
6.3, (A) lanes 1-12: Hae conjunctivitis strains using an F3047-specific caaA1 reverse primer, and (B) lanes 
13-16 Hae BPF clone strains and 2 suspected BPF clone strains that failed to amplify in (A), using an 
F3031-specific baaA1 reverse primer. Lane numbers correspond to strain numbers from Table 6.3. Ladder 
indicates size in bp. 
 
The two conjunctivitis isolates, F3050 and F3099, which had BPF clone-like caaA1 gene 
profiles (Table 6.3), did not amplify using the F3047 reverse primer, but when included 
in the BPF clone strain PCR reaction produced a product, further confirming that these 
are in fact BPF clone isolates of Hae. Band sizes are of the correct size, approximately 
3,969 bp for the PCR products from conjunctivitis strains, and 4,981 bp for BPF strains 
(Figures 6.15A and B). Band size varied for this gene in different conjunctivitis and BPF 
clone isolates, respectively. This is likely to result from variation in the passenger 
domains and may be due to expansions or contractions in the number of repeat regions 
within these genes, depicted in Figure 6.5.  
1    2    3    4    5    6    7    8    9   10  11  12
13   14   15   16     5    8
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6.2.5.2 Cloning of baaA1 and caaA1 into the pGEM-T vector  
The b/caaA1 gene from a selection of strains was amplified by Long PCR to include the 
predicted promoter, and the PCR products were purified and modified using a blunt-end 
tailing procedure, prior to ligation to the vector. The pGEM-T vector was chosen as it has 
several attributes that contribute to it being an effective cloning vector, including T-
overhangs at the insertion site, the possibility of blue/white screening for recombinants, 
and numerous restriction sites within the multiple cloning region.  
 
Excess dNTPs and unincorporated primers were removed from PCR products using the 
PCR clean-up kit, to reduce interference during cloning. The A-tailing procedure was 
used for tailing blunt-ended DNA fragments, which result from using thermostable DNA 
polymerase with proofreading activity, and increase cloning efficiency. The procedure 
uses Taq DNA polymerase, which preferentially adds a single 3‟ A-deoxynucleotide to 
double stranded DNA fragments by an extension reaction that does not depend on a 
template (see Section 2.6.2.1). The resulting fragments can be ligated directly to the 
pGEM-T vector (Section 2.8.2). 
 
In the first instance, the strains chosen were the BPF strain F3031, and conjunctivitis 
strains F2029 and F3125. Strain F3125 had an unusual fragment size and repeatedly 
failed to be sequenced in the sequencing reactions (Figure 6.15A). Each ligation mix was 
transformed into chemically competent E. coli DH5α cells, and plated on to LB plates 
containing appropriate concentrations of ampicillin, IPTG and X-Gal to enable blue/white 
screening of colonies (Section 2.10.1). Twenty-four white colonies were selected (8 from 
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each strain: F3031, F2029 and F3125) and screened by colony PCR with M13 primers 
designed against the pGEM-T backbone, and TA1_3 internal B/CaaA1 primers (Section 
2.6.3; Table 2.4). The internal primers did amplify products, although some resolved 
more clearly than others (Figure 6.16A). The M13 primers failed to amplify a PCR 
product in all 24 colonies selected, again possibly due to the size of the insert. A positive 
control indicated the expected band size using the M13 primers, confirming presence of 
the control insert DNA, a 469 bp PCR product (Robles and Doers, 1994).  
 
                                     TA1 internal primers                                               M13 primers 
 
Figure 6.16 Colony PCR of pTta1 transformants. A) The expected band size is 240 bp for the fragments 
amplified using the B/CaaA1 internal primers (lanes 1 – 24: 1-8 F3031, 9-16 F2029, 17-24 F3125); and B) 
469 bp for positive control insert clones using the M13 plasmid primers (1 – 24, pTta1 transformants; 25, 
pTcontrol plasmid positive control; 26, pGEM-T negative control). 
 
Restriction mapping was then used to confirm the presence of an intact baaA1/caaA1 
gene. Three clones were selected for strain F3031 and two for strains F2029 and F3125, 
and the plasmids re-isolated using a Qiagen mini-prep kit (Section 2.5.3). Plasmids were 
digested with EcoRI to give fragments of known lengths, confirming the presence of the 
insert in the plasmid (Figure 6.18). Restriction digests revealed two bands of 
approximately 4 kb and 5 kb, representing the plasmid and insert for strains F2029 and 
F3031, and < 2kb for strain F3125. The band at ~3 Kb represents the linearised plasmid. 
 
A 1   2    3    4   5   6    7    8    9   10  11  12  13 14  15  16  17 18 19 20  21  22  23  24       B 1  2  3  4  5  6   7  8   9  10 11 12 13 14 1516 1718 19 20 21 22 23 24 25 26    
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                                                                1    2    3     4    5    6    7    8    9   10  11   12     
 
Figure 6.17 Restriction digests pTta1 plasmids. Lanes: 1, pTta1_F3031 uncut ; 2 – 4, pTta1_F3031 EcoRI; 
5, pTta1_F2029 uncut; 6 – 7,  pTta1_F2029 EcoRI; 10, pTta1_F3125 uncut; 11 – 12, pTta1_F3125 EcoRI. 
 
6.2.5.3 Detection of cloned BaaA1/CaaA1 transcription in E. coli DH5α 
Transcription of cloned b/caaA1 in E. coli DH5α was analysed using RT-PCR. To begin 
with, RNA was extracted from E. coli carrying plasmids pTta1_F3031 and pTta1_F2029, 
reverse transcribed into cDNA, and used for PCR amplification of an internal region of 
the b/caaA1 gene, which confirmed its expression in both cases (Figure 6.19). This was 
repeated for pTta1_F2068 and pTta1_F3125, which confirmed expression of the F2068 
allele but not the F3125 allele. As a result, the pTta1_F3125 transformant was not used 
for further studies. B/caaA1 gene variants from the BPF clone strain F3031, and 
conjunctivitis isolates F2029 and F2068 were investigated further. 
                                                            1          2         3          4         5          6         7 
 
Figure 6.18 Gel electrophoresis of RT-PCR from strains F3031 and F2029. Lane 1: pTta1_F3031; 2, 
negative control pTta1_F3031; 3, pTta1_F2029; 4, negative control pTta1_F3029; 5-7 positive control 
DNA from strains F2029, F3031 and G1100. 
 
In order to clone the b/caaA1 gene from each of the three sequence variants established 
from the gene sequencing in Figure 6.11, cloning of the b/caaA1 gene from strains F3098 
1018
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and F2068 was performed as above. Following confirmation by colony PCR and 
restriction digest, RT-PCR was carried out to ensure expression of the genes by the 
recombinant E. coli strains. Having transformed E. coli DH5α with the pTta1 plasmids 
containing different b/caaA1 inserts and confirmed their expression, these recombinant E. 
coli strains were used in in vitro models of pathogenesis, including a bacterial 
aggregation assay and human epithelial cell adherence and invasion assays, to investigate 
their possible functions.  
 
 
6.2.6 In vitro investigation of baaA1/caaA1 function 
Functional assays were carried out using the E. coli DH5α pTa1 transformants described 
above. BaaA1/caaA1 function was analysed using non-invasive and non-pathogenic E. 
coli DH5α to focus the results exclusively on the role of BaaA1/CaaA1 in pathogenesis. 
 
6.2.6.1 BaaA1/CaaA1 and bacterial aggregation 
Bacterial autoaggregation describes the adherence of bacteria to each other, which is 
fundamental in the development of microcolonies and biofilms, and is considered to be 
an important virulence factor (Davies et al., 1998; Frick et al., 2000). The formation of 
bacterial aggregates and microcolonies is often accompanied with increased adherence 
and colonisation and likely to be important in conferring resistance to components of the 
host immune system, such as bacteriostatic compounds and immune clearance 
mechanisms (St Geme, 2000). Several autotransporter proteins, including Hap and  
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HadA, have been shown to promote bacterial aggregation and the formation of 
microcolonies on the surface of infected cells (Hendrixson and St Geme, 1998; Klemm et 
al., 2006; Serruto et al., 2009b).  
 
The ability of E. coli expressing b/caaA1 to form aggregates was assessed by tube-
settling assays with cultures of E. coli + pTta1 and E. coli + pGEM-T strains. Bacteria 
were grown overnight to stationary phase, then used to inoculate broth to an OD600 of 0.5, 
and grown for 3 hrs in a shaking incubator to exponential phase (Section 2.12.1). 
Suspensions were transferred to a static incubator and the OD600 was measured without 
mixing at 30 minute intervals over 3 hours and the results from a typical experiment are 
reported in Figure 6.20. Strains that formed aggregates would settle in the tube over time 
due to increased density of the aggregates, lowering the OD. Experiments were repeated 
three times, confirming the results. The OD of all but one strain remained relatively 
stable over time. A significant decrease in OD was recorded for cultures containing E. 
coli expressing CaaA1 from strain F2068 (E. coli-TAC1B), suggesting the clumping 
phenotype results from either a CaaA1-CaaA1 interaction, or CaaA1 interaction with 
some other structure on the bacterial surface. 
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Figure 6.19 Bacterial aggregation, of E. coli expressing BaaA1 from strain F3031 (TAB1), CaaA1 from 
strains F2029 (TAC1A) and F2068 (TAC1B) (during static incubation from exponential phase growth over 
3 hours). 
 
6.2.6.2 Adherence and invasion of Chang epithelial cells 
To investigate whether b/caaA1 mediates in vitro bacterial adherence, a property shared 
among TAAs, adherence and invasion of E. coli expressing b/caaA1 to Chang 
conjunctival epithelial cells was examined. Adherence to Chang cells represents an 
established model system to study Hae infection (St Geme et al., 1991; Farley et al., 
1992). Chang cell monolayers were infected with E. coli-TA1 and E. coli-pGEM-T and 
bacterial adherence was calculated by plating cell lysates (see Section 2.12.3). Percent 
adherence was calculated by dividing the number of adherent cfu per epithelial cell 
monolayer, by the number of inoculated cfu (Figure 6.21). Each strain was examined in 
triplicate for a given assay, and each assay was performed a minimum of three times, 
confirming observed results. 
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Figure 6.20 Quantitative adherence to Chang epithelial cells of E. coli expressing BaaA1 from strain 
F3031 (pGEMT_TAB1), CaaA1 from strains F2029 (pGEMT_TAC1A) and F2068 (pGEMT_TAC1B). 
Adherence values represent the mean of measurements from experiments performed in triplicate. Error bars 
represent standard error of the mean. 
 
Strains of E. coli expressing CaaA1 variants of the caaA1 gene demonstrated 
significantly greater adherence to Chang epithelial cells, approximately 4-fold higher, 
than the control E. coli-pGEM-T and E. coli-TAB1 strains (Figure 6.21). It appears that 
caaA1 from conjunctivitis-causing strains of Hae promotes bacterial adhesion to Chang 
epithelial cells in but not baaA1 from BPF clone strains. 
 
Previous work studying the effects of the BPF clone-specific TAA, HadA, in adherence 
and invasion of Chang cells demonstrated that HadA induces an increase in the number 
of intracellular bacteria (Serruto et al., 2009b). To investigate whether B/CaaA1 plays a 
role in entry of E. coli into host cells, a gentamicin invasion assay was used (described in 
Section 2.12.3). Epithelial cell monolayers were infected as for the adherence assays, and 
invasion was determined by counting the number of intracellular bacteria after 
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gentamicin treatment. Cell counts from lysed cells were consistently too low for 
significance. B/CaaA1 does not appear to promote invasion of E. coli into host cells. 
 
The results above demonstrate that CaaA1 variants from conjunctivitis strains of Hae 
exhibit adherent properties in in vitro model systems, suggesting that for these strains 
CaaA1 may play a role in facilitating persistence on mucosal surfaces. The increased 
adherence to Chang cells observed for TaC1A and TAC1B may result from counting 
passengers resulting from the formation of bacterial aggregates. However, 
autoaggregation was only observed for the TAC1B variant, and so CaaA1 (at least in the 
case of TAC1A) is able to promote increased bacterial adherence to epithelial cells 
independently of microcolonoy formation. 
 
6.3 Summary 
 
Strains of Hae encode a suite of 10 proteins belonging to the TAA family of bacterial 
extracellular proteins, identified through genome annotation of the BPF clone strain 
F3031 and conjunctivitis strain F3047. These proteins have so far not been identified in 
other H. influenzae strains, with the exception of Cha from the cryptic Haemophilus 
genospecies (Sheets et al., 2008). The genes appear to form an important part of the Hae 
accessory genome, and are likely to play a role in this group‟s niche specificity. The Hae 
TAAs share several features with TAAs in other pathogenic bacteria: association with 
SSRs, suggesting that their expression is phase-variable; sequence variation between the 
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passenger domains, suggesting different functions; and atypical G+C content in 
comparison to the genome average, indicating more recent acquisition by horizontal gene 
transfer. Homology to TAAs established to play a role in virulence in other pathogenic 
bacteria was also observed. 
 
The majority of the Hae TAAs share very high sequence similarity, with the exception of 
baaA1/caaA1 and baaA2/caaA2, which show considerable variation in the passenger 
domains between strains F3031 and F3047. It is likely that variation in the passenger 
domain between invasive and non-invasive Hae results from different selective pressures 
on these extracellular regions, resulting in bacterial adaptation. Such variation has been 
described for the vtaA multigene family in H. parasuis, whose TAAs are highly divergent 
between invasive and non-invasive strains (Pina et al., 2009). TA1 is interestingly 
different between F3031 and F3047. Phase-variable BaaA1 is of similar molecular weight 
to P145, which appears to play a role in serum resistance (Rubin, 1995b). Furthermore, 
baaA1 is adjacent to IS1016, and it has been suggested that strains of NTHI that possess 
IS1016 are more likely to share characteristics with encapsulated strains (Karlsson and 
Melhus, 2006), probably due to association of IS1016 to some virulence factor. 
 
Adherence to epithelial cells is the first step in Hae pathogenesis, and the role of b/caaA1 
in adherence and invasion was investigated by cloning and expressing variants of 
b/caaA1 in E. coli followed by in vitro functional studies.  The interaction of CaaA1 from 
conjunctivitis strain F2068 appears to promote bacterial aggregation. Autoaggregation is 
a property of some autotransporters, and has been shown to be associated with increased 
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adherence and colonisation, and as such an important virulence feature (Zhang et al., 
2004). Furthermore, expression of b/caaA1 variants from conjunctivitis strains of Hae in 
non-adherent E. coli resulted in increased adherence to Chang epithelial cells. Taken 
together, it appears that variants of CaaA1 from conjunctivitis strains of Hae promote 
bacterial aggregation and adherence, suggesting that CaaA1 plays a role in facilitating 
persistence on the mucosal surface in these strains. The adherent phenotype may reflect 
conjunctivitis strains‟ capacity to successfully colonise their niche of the conjunctiva.  
 
Despite disappearing for over a decade, the BPF clone has recently re-emerged in the 
Amazon region of Brazil, suggesting that it may mainly reside in an alternative, non-
human, host. It may be that the receptor binding regions of adhesins from this organism 
have evolved a different tissue tropism to those of conjunctivitis strains of Hae, which 
could account for the lack of adherence exhibited by E. coli expressing the BPF clone 
variant of the baaA1 gene. The contribution of B/CaaA1 alone may be small considering 
that the TAA family present in Hae is extensive, and it may be that particular 
combinations of these adhesins are implicated in the pathogenic phenotypes observed.  
 
The BPF clone is distinguished by its capacity to penetrate epithelial cells and invade into 
the bloodstream, causing systemic disease. While adhesins facilitate stable colonisation 
of mucosal surfaces, after invasion bacteria must shed adhesins or produce a masking 
capsule to avoid attachment to phagocytic cells, and it is likely that genes involved in 
adherence differ from those involved in invasion. Ta1 did not promote invasion by E. coli 
of Chang epithelial cells, and the mechanism underlying invasion by BPF clone strains 
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remains unclear. It is possible that BaaA1 expression is in some way affected by the 
flanking genes in strain F3031, which requires further investigation.  
 
Genome sequencing and annotation of two strains of Hae has revealed a plethora of 
adhesins that are likely to play a role in pathogenesis. Deciphering the functions of these 
genes is complicated by the fact that virulence is likely to result from particular 
combinations of such genes, their changeable expression, and sequence variation that 
may underlie differences in function. In this chapter, differences in function between 
variants of one such TAA were demonstrated. The potential contribution of this whole 
new family of TAAs provides an exciting opportunity for further study to understand Hae 
pathogenesis. 
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Chapter 7 
 
Competence and transformation of 
Haemophilus influenzae biogroup Aegyptius 
 
 
 
Genome annotation is a powerful first step in formulating hypotheses about possible gene 
function. The greatest challenge remains integrating the information from bioinformatic 
analysis of genomic sequence data with experimental validation of gene function. 
Chapter 6 focuses on a novel family of TAA proteins identified by comparative 
genomics, describing in vitro studies of pathogenesis to investigate gene function through 
expression in E. coli. Analysing genes of interest in situ, in this case within strains of 
Hae, is an important step in understanding gene function within the cell. However, such 
studies have been hampered by difficulties in genetically manipulating strains of Hae. In 
this Chapter, competence and transformation of strains of Hae are investigated in closer 
detail through in silico analysis of the genes involved in these processes, and the 
development of an experimental system to identify transformable strains.   
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7.1 Introduction 
Natural competence and transformation define the mechanism by which cells take up 
DNA from their environment, resulting in a changed genotype. Specifically, competence 
refers to the uptake of DNA across the cell envelope and the regulation of this process, 
whereas recombination signifies the genetic alteration of the cell as a result of 
incorporating and expressing foreign DNA. The ability to take up foreign DNA has 
several advantages. For the most part the DNA is degraded and the nucleotides salvaged 
to provide nutrients to the cell (Maughan and Redfield, 2009a). Occasionally, 
homologous fragments recombine with the chromosome, providing an important means 
of generating genetic variation by horizontal gene transfer. Cells of H. influenzae are 
naturally competent, and will readily take up DNA from their environment under 
appropriate conditions (Poje and Redfield, 2003). However, not all strains of H. 
influenzae can be easily transformed, and DNA uptake and transformation rates vary 
considerably even between closely related strains (Maughan and Redfield, 2009b). H. 
influenzae strain Rd KW20 and serotype b strains are readily transformable, yet some 
clinical strains do not develop competence under laboratory conditions, stimulating 
ongoing research into the regulation of competence and transformation. Transformation 
of strains of Hae has proved problematic, and successful transformation of the BPF clone 
has only been reported on two occasions (Segada and Lesse, 1997;Heggie, 2008). 
Difficulties in genetically manipulating strains of Hae hamper progress in studying 
possible virulence functions of genes in their natural background. As a result, most 
studies of BPF-clone genes of interest have been through expression in E. coli (Serruto et 
al., 2009b) or via homologues in other organisms (Li et al., 2003). Understanding how 
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competence and transformation can be induced in Hae is important for studying how 
genes of interest function within these strains. 
 
7.2 Results 
 
7.2.1 Mining the genome for clues on competence in Hae 
7.2.1.1 Genes involved in competence 
Natural competence is the genetically encoded ability of bacteria to take up DNA from 
their environment. Development of competence is tightly regulated by the expression of 
the cell‟s complement of competence genes. A variety of molecular methods have been 
used to identify genes involved in H. influenzae competence (Dougherty and Smith, 
1999; VanWagoner et al., 2004; Redfield et al., 2005). For example, microarray analysis 
of all 1738 genes of H. influenzae strain Rd KW20 characterised changes in gene 
expression of all these genes in response to transfer from rich medium to minimal 
synthetic medium called M-IV medium (Redfield et al., 2005). Products of 32 genes have 
been described as being involved in the uptake of DNA or transformation. Analysis of 12 
H. influenzae genomes revealed the presence in all strains of all but 2 of these 
competence genes. Most strains lacked homologues of HI1631 and HI0660, the 
transcription of which is induced upon transfer to M-IV medium, but whose function 
remains unknown (Maughan and Redfield, 2009a). 
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Due to the difficulties encountered in transforming BPF clone strains of Hae, it was 
hypothesised that perhaps these strains lack important genes involved in competence. 
Sequences of genes known to be required for competence in H. influenzae were used to 
search the Hae genomic data for their presence and sequence similarity to homologues in 
Rd KW20 (Table 7.1). Out of 30 Rd KW20 competence genes, homologues to 27 were 
found to be present in Hae strain F3031 and 29 in strain F3047. Both strains, like many 
H. influenzae, lacked HI1631. The transcriptional unit comprising HI0659 and HI0660 
was also absent in F3031, which has also been observed to be missing in other H. 
influenzae (Maughan and Redfield, 2009a). Although transcription of these 3 genes in Rd 
KW20 is induced upon transfer from BHI to M-IV, their function is unknown. As strains 
lacking these genes are still able to develop competence (Maughan and Redfield, 2009a), 
they cannot be of critical importance in this phenotype. 
 
Amino acid sequence alignments of each of these proteins to their homologues from Rd 
KW20 revealed small differences in residues for each of these proteins. Unfortunately, 
not enough is known about the functions of specific competence proteins to be able to 
predict which amino acid substitutions might affect function and which should not. 
 
 
 
 
Table 7.1 H. influenzae genes involved in DNA uptake and transformation and their presence in Hae. 
Predicted function related to competence and transformation only listed. Percentage amino acid identity to 
the Rd KW20 homologue based on protein sequence alignment. Highlighted genes represent transcriptional 
units. 
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Gene Predicted  
Function 
Hae Systematic_id % ID to Rd KW20 
F3031 F3047 
comA DNA uptake HIBPF18930 HICON09760 94 98 
comB DNA uptake HIBPF18940 HICON09770 90 99 
comC DNA uptake HIBPF18941 HICON09780 90 96 
comD DNA uptake HIBPF18960 HICON09790 93 95 
comE DNA uptake HIBPF18970 HICON09800 93 97 
comF DNA uptake HIBPF18980 HICON09810 97 98 
comE1 DNA uptake HIBPF12410 HICON03940 97 96 
comN DNA uptake HIBPF13680 HICON04620 99 92 
comO DNA uptake HIBPF13670 HICON04610 98 99 
comP DNA uptake HIBPF13660 HICON04600 98 94 
comQ DNA uptake HIBPF13650 HICON04590 97 96 
rec-2 DNA uptake HIBPF00580 HICON03370 97 96 
pilA DNA uptake HIBPF02431 HICON11760 92 92 
pilB DNA uptake HIBPF02430 HICON11770 94 94 
pilC DNA uptake HIBPF02420 HICON11780 95 95 
pilD DNA uptake HIBPF02410 HICON11790 93 93 
HI0365 DNA uptake HIBPF03120 HICON11120 98 98 
pilF2 DNA uptake HIBPF03130 HICON11110 98 97 
comM Transformation HIBPF11560 HICON01800 98 97 
dprA Transformation HIBPF12640 HICON04150 98 98 
radC Transformation HIBPF13500 HICON04470 97 99 
ssb Transformation HIBPF01940 HICON12230 98 98 
sxy Regulation HIBPF16100 HICON07280 99 99 
crp Regulation HIBPF13450 HICON04420 99 99 
cyaA Regulation HIBPF16060 HICON06940 98 99 
ligA Unknown HIBPF11680 HICON01890 98 98 
murE Unknown HIBPF11420 HICON01660 98 98 
HI0659 Unknown absent HICON07362 - 100 
HI0660 Unknown absent HICON07361 - 100 
HI1631 Unknown absent absent - - 
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7.2.1.2 Control of competence at CRP-S sites 
In H. influenzae, the competence genes share a common promoter motif called the CRP-S 
site, which requires both cyclic AMP receptor protein (CRP) and Sxy, a specific positive 
regulator of competence, to activate transcription (Zulty and Barcak, 1995; Cameron and 
Redfield, 2006). CRP homodimers have been found to bind to a 22 bp sequence with 2-
fold symmetry, each half consisting of the consensus motif: 5‟-
T1T2T3T4G5C6G7A8T9C10T11 (Redfield et al., 2005). The A+T runs at either end of the 
motif are important for promoter activity. The CRP-S site has been identified associated 
with at least 13 competence-induced promoters in H. influenzae. All CRP-S sites 
identified in Hae strains F3031 and F3047 were compared to the Rd KW20 CRP-S 
consensus and retained all bases involved in CRP-DNA binding (Table 7.2). Only comM 
differed in amino acid residues but retained the C6/G7 base step unique to H. influenzae 
CRP-S sequences (Cameron and Redfield, 2006). 
 
H. influenzae strains lacking sxy are not transformable, and those that upregulate sxy are 
constitutively competent (Bosse et al., 2009). Sequence comparisons showed that the sxy 
sequences in F3031 and F3047 are 99% identical to Rd KW20, suggesting that sxy 
encodes a functional product in these strains of Hae.  
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Table 7.2 Putative CRP-S promoter binding sites. Amino acid differences are underlined, consensus half-
sites shaded for Rd KW20. 
Gene Strain CRP-S site 
comA Rd KW20 
F3031 
F3047 
TTTTGCGATCCGCATCGTAAAA 
TTTTGCGATCCGCATCGTAAAA 
TTTTGCGATCCGCATCGTAAAA 
 
comM Rd KW20 
F3031 
F3047 
TTTTGCGATCTAAATCGCAAAA 
TTTTGCGATCCGCATCGTAAAA 
TTTTGCGATCTAGATCGCAAAA 
 
comE1 Rd KW20 
F3031 
F3047 
TTTTGCGATCGAGATCGCAAAA 
TTTTGCGATCGAGATCGCAAAA 
TTTTGCGATCGAGATCGCAAAA 
 
comN Rd KW20 
F3031 
F3047 
CTTTGCGATACAGATCGCAAAA 
CTTTGCGATACAGATCGCAAAA 
CTTTGCGATACAGATCGCAAAA 
 
pilA Rd KW20 
F3031 
F3047 
TTTTGCGATCAGGATCGCAGAA 
TTTTGCGATCAGGATCGCAGAA 
TTTTGCGATCAGGATCGCAGAA 
 
rec-2 Rd KW20 
F3031 
TTTTACGATATGGATCGCAAAA 
TTTTACGATATGGATCGCAAAA 
 F3047 TTTTACGATATGGATCGCAAAA 
   
dprA Rd KW20 
F3031 
F3047 
TTTTGCGATCTGCATCGCAAAA 
TTTTGCGATCTGCATCGCAAAA 
TTTTGCGATCTGCATCGCAAAA 
 
ssb Rd KW20 
F3031 
F3047 
TTTTGCGATCATTATCGCATAT 
TTTTGCGATCATTATCGCATAT 
TTTTGCGATCATTATCGCATAT 
 
radC Rd KW20 
F3031 
F3047 
TTTTACGATATGCATCGCAGAT 
TTTTACGATATGCATCGCAGAT 
TTTTACGATATGCATCGCAGAT 
 
HI0659 Rd KW20 
F3031 
F3047 
 
TTTTGCGATCTAGATCGAAAGA 
- 
TTTTGCGATCTAGATCGAAAGA 
HI0365 Rd KW20 
F3031 
F3047 
ATTTGCGATCTAGATCGCAAAA 
ATTTGCGATCTAGATCGCAAAA 
ATTTGCGATCTAGATCGCAAAA 
- Gene absent 
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All genes known to be involved in competence are present, intact and retain the CRP-
DNA binding sites required for induction of competence in F3031 and F3047. Poor 
transformability of the BPF clone may be due to differences in the amino acid sequences 
of some of these genes or defects in components of the competence system.  
 
7.2.1.3 The Haemophilus Uptake Signal Sequence 
Some Gram-negative bacteria exhibit uptake specificity, in being much more efficient at 
taking up DNA from their own species than unrelated DNA. In the Pasteurellaceae, 
DNA is preferentially taken up if it contains an USS consisting of a core of 9 bases: 5‟-
AAGTGCGGT-3‟, usually found in non-coding DNA sequence. The USS is highly over-
represented in the genome of H. influenzae, which contains 1,465 copies, compared to an 
expected number of 16 copies (Smith et al., 1995). Using the H. influenzae 9 bp USS as a 
search string, 1545 and 1527 copies were identified in the F3031 and F3047 genomes, 
respectively. As in strain Rd, the USS is highly over-represented in the Hae genomes, 
suggesting this motif plays an important role in the uptake of DNA from the environment 
in these strains. 
 
7.2.2 Transformation of Hae 
Strains of H. influenzae can be induced to become competent for transformation by 
transfer to a nutrient-poor medium such as M-IV (Herriott et al., 1970), a physiological 
change during late log-phase growth, or by addition of cAMP (Wise et al., 1973). Strains 
of H. parainfluenzae become competent by static overnight incubation in liquid culture 
supplemented with NAD (Gromkova and Goodgal, 1979). However, standard methods 
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for inducing competence in Haemophilus have not been effective in Hae, and 
transformation of the BPF clone has been largely unsuccessful. Since competence varies 
dramatically between strains of the same species, transformability of several different 
strains of Hae was surveyed, with the hope of identifying more transformable strains. 
Modifications of methods available for H. influenzae and H. parasuis were explored, 
including variation of the classic Herriot‟s method based on using M-IV starvation 
medium, electroporation, and natural plate transformation. Modifications in growth 
conditions, addition of cAMP and the donor DNA were also investigated. 
 
7.2.2.1 Competence-induced transformation using M-IV starvation medium 
When H. influenzae cells are growing in rich medium, competence is undetectable until 
they reach a density of about 10
9
 cells/ml, when growth begins to slow and the first 
competent cells have been detected by transformation assays. This approach to 
competence induction results in about 1% of the cells in culture becoming competent, and 
a transformation frequency of about 10
-4
. Higher competence can be achieved by 
transferring exponentially-growing cells to Herriot‟s medium called M-IV (Herriott et al., 
1970). This is a synthetic starvation medium that lacks some essential components for 
cell growth, including sugars, nucleotides and cofactors (Poje and Redfield, 2003). Cell 
division is prevented but the synthesis of new proteins continues, resulting in most of the 
cells becoming competent. Using this method, transformation frequencies of 
approximately 10
-2 
can be achieved for H. influenzae Rd KW20 (Dougherty & Smith 
1999). For unknown reasons, some H. influenzae do not develop competence under 
laboratory conditions. 
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Transformation of Hae was initially tested using the non-BPF clone strain F3047, with 
the intention of transforming non-invasive strains of Hae with genetic material from the 
BPF-clone to test for a change in phenotype. Rd KW20 is readily transformable, and was 
used as a positive control. The Hae conjunctivitis strain F3047 and H. influenzae Rd 
KW20 were challenged with H. influenzae MAP7 chromosomal DNA following the M-
IV protocol, described in section 2.11.1 (Poje and Redfield, 2003). MAP7 is an H. 
influenzae Rd strain engineered to contain seven different chromosomal point mutations 
conferring antibiotic resistance to kanamycin, novobiocin, spectinomycin, naladixic acid, 
chloramphenicol, tetracycline and streptomycin (Setlow et al., 1972). Analysis of 
transformants revealed that the transformation frequency achieved for H. influenzae Rd 
was 1.67×10
-4
, in accordance with other studies. No colonies grew on the selective plates 
for strain F3047, although growth was normal on the non-selective plates, indicating that 
this strain was not transformed with MAP7 DNA.  
 
Failure to recover tranformants for F3047 may be due to unsuitable methylation of the 
MAP7 chromosomal DNA isolated from an H. influenzae Rd derivative, causing it to be 
degraded within the host cell. Genome annotation of F3031 and F3047, described in 
Chapters 3 and 4, revealed Hae-specific RM systems that may be responsible. To 
overcome this, further transformation attempts were made using genomic DNA from the 
BPF clone mutant strain G1100∆bpf001. Strain G1100 ∆bpf001 was created by 
insertional inactivation of the bpf001 gene using a kanamycin resistance cassette to 
investigate the function of this gene, depicted in Figure 7.1 (Heggie, 2008). The flanking 
genes in the bpf001 locus are homologous between BPF clone and conjunctivitis strains 
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and so uptake and recombination of this resistance marker would be expected to occur at 
the same locus in all strains (Figure 7.1). Genomic DNA was extracted from this strain, 
and used to explore methods of transformation in Hae.  
 
 
Figure 7.1 The bpf001 locus in G1100∆bpf001, F3031 and F3047. Flanking genes represented by solid 
blocks and are homologous between all strains. They share 100% amino acid identity between G1100 and 
F3031, and >98% between F3031 and F3047. 
 
7.2.2.2 Electroporation 
There is considerable variation in the transformation frequencies of different strains of H. 
influenzae, and in difficult cases electroporation with plasmid DNA has proven to be 
effective (Mitchell et al., 1991). Electroporation is a method for transforming bacterial 
cells using a high-voltage electric pulse, which temporarily permeabilises the cell 
membrane allowing molecules of DNA to pass into the cell (Miller et al., 1988). The BPF 
clone strain G1100 was electroporated with G1100 ∆bpf001 genomic DNA. Recovery of 
transformants was very low, and a total 8 colonies were detected from the selective plates 
for G1100 electroporated with G1100 ∆bpf001 genomic DNA. These 8 KanR colonies 
were recovered from the selective plates and were re-streaked on to fresh selective plates 
for colony PCR, using a forward primer designed from BPF clone sequence flanking the 
kanamycin cassette, BPF1NmF1, and reverse primer internal to the kanamycin cassette, 
KAN
HIBPF06570 HIBPF06620
HIBPF06620
HICON15110HICON15100
HIBPF06570 bpf001 bpf002
aphA-3 bpf002
G1100∆bpf001
F3031
F3047
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Kan_R (Table 2.4). Positive bands for each colony PCR indicated that the DNA had been 
taken up by the cells and integrated into the genome (Figure 7.2).  
 
                                                                                   1   2   3    4   5   6    7   8   9   10 
 
Figure 7.2 Colony PCR results for electroporation of G1100 using genomic DNA from G1100 ∆bpf001. 
Lanes: 1-8, colonies from selective plates; 9, positive control using G1100 ∆bpf001 genomic DNA; 10, 
negative control using G1100 genomic DNA. 
 
The same procedure was applied to the non-BPF strains F3043, F3119 and F3331 using 
G1100 ∆bpf001 genomic DNA, and including a negative control in each case. No 
transformants were recovered from the selective plates, even after initial growth on non-
selective plates. Failure to transform G1100 efficiently, or other Hae strains at all, by 
electroporation may have been technical (due to arcing, caused by excessive 
conductivity); cell death (unlikely as growth was normal on non-selective plates); or 
some inherent barrier to DNA uptake/incorporation (e.g. a restriction-modification 
barrier). Alternative techniques were explored. 
 
7.2.2.3 Plate transformation 
A plate transformation protocol was developed based on modifications of a genetic 
manipulation system for H. parasuis, described in Section 2.11.2 (Bigas et al., 2005). 
Briefly, strains were grown overnight on sBHI plates then re-suspended in broth and 
spotted on a pre-warmed sBHI plate. A mixture of cAMP and donor DNA was added and 
the bacterial cells spread using a loop. Plates were incubated at 37°C overnight, and then 
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bacterial cells were harvested, re-suspended, and spread onto selective sBHI plates. The 
selective plates were incubated for 2 days and transformants recovered from these plates. 
The addition of cAMP to early phase cultures is standard practice in transformation 
protocols for Haemophilus as it has been shown to increase the frequency of 
transformation in Rd KW20 (Wise et al., 1973). 
 
Plate transformation of strain G1100 with G1100 ∆bpf001 genomic DNA was successful, 
with a transformation frequency of 1.4×10
-5
. Ten transformants were re-streaked on to 
fresh selective plates and incubated overnight, and then colony PCR was used to confirm 
incorporation of the kanamycin cassette into the genome (Figure 7.3). Plate 
transformations were set up for 6 additional Hae strains: F3093, F3098, F3099, F3118, 
F3119, and F3331. Three of these strains, F3098, F3099 and F3331, yielded colonies that 
grew on the selective kanamycin plates (Table 7.3).  
Table 7.3 Transformability of Hae strains by plate transformation. G1100 ∆bpf001 genomic DNA used as 
donor DNA. Transformation frequencies are ratios of CFU mL
-1
 on BHI Kan agar to CFU mL
-1
 on BHI 
agar. 
Strain Phenotype Transformability Frequency 
G1100 BPF detected 1.4 x 10
-5
 
F3093 C none detected - 
F3098 C detected 5.58 x 10
-6
 
F3099 CA (BPF)* detected 1.88 x 10
-6
 
F3118 C none detected - 
F3119 C none detected - 
F3331 C detected 6.17 x 10
-6
 
Phenotype: BPF=BPF case strain, C=control conjunctivitis strain, CA=case-associated conjunctivitis strain. 
*F3099 is a CA strain but with BPF clone characteristics (e.g. TAA gene repertoire, Chapter 6) and so 
likely to be a BPF clone isolate. 
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Presence of the insert in 10 colonies from the plate transformation was confirmed by 
colony PCR using primers BPF1NmF1 and Kan_R (Figure 7.3). These primers amplify a 
340 bp fragment between the KAN cassette and flanking G1100 sequence. Two 
breakthrough colonies present on the selective plates following transformation with 
control G1100 genomic DNA were also included, they did not appear to contain the insert 
(Figure 7.3) 
 
                                                                             1   2    3   4    5    6    7   8   9   10  11  12 
 
Figure 7.3 Colony PCR results for plate transformation using G1100 ∆bpf001 genomic DNA. Lanes: 1-10, 
colonies from selective plates; 11-12, breakthrough colonies on selective plates from DNA-negative 
transformation. 
 
7.2.2.4 Comparison of transformation of both BPF and conjunctivitis Hae 
strains, G1100 and F3098, using PCR products of different size 
In order to investigate whether successful transformation of both strains with G1100 
∆bpf001 genomic DNA was critically due to methylation, strains G1100 and F3098 were 
transformed using PCR product, prepared using the Roche Expand Long PCR kit. It has 
been reported that higher rates of transformation are achieved using PCR products with > 
2 kb of homologous DNA on either side of the transforming marker. To test this, primers 
were designed that would amplify (i) a region with > 2 kb on either side of the kanamycin 
marker, named PCR1; and (ii) a region of approximately 1 kb on either side of the 
kanamycin marker, named PCR2. Primers BPF001L_f and BPF001L_r, amplified a 
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fragment size of 6616 bp (PCR1). The second primer pair, BPF001S_f and BPF001S_r 
amplified a 2830 bp fragment (PCR2). The effect of omitting cAMP from the reaction 
was tested for G1100, and the respective transformation frequencies recorded in Table 
7.2. Three colonies for each reaction were selected for colony PCR using primers 
BPF1NmF1 and Kan_R (Figure 7.4). 
                                                                   1        2       3       4        5       6        7  
 
                                                                     1        2       3       4        5       6        7 
 
Figure 7.4 Colony PCR results of transformants from plate transformations. (1) Above, using 
G1100∆bpf001 genomic DNA. Lanes: 1-3, G1100∆bpf001 genomic DNA; 4-6, G1100 ∆bpf001 genomic 
DNA with no cAMP; and 7, positive DNA control using G1100∆bpf001 genomic DNA. (2) Below, using 
PCR product. Lanes: 1-3, large PCR product PCR1; 4-6 small PCR product PCR2; 7, DNA-negative 
control (lane 7).  
 
Presence of a band for each colony PCR reaction suggests successful transformation of 
these colonies with the ∆bpf001 gene. Southern hybridisation confirmed that the 
transformants did contain the kanamycin cassette integrated into the genome, and that the 
cassette was inserted into the same place in the G1100∆bpf001 genome as it was in the 
F3098∆bpf001 genome, but absent from wild-type (WT) G1100 genomic DNA (Figure 
7.5).  
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                                        1          2          3 
                                                        
Figure 7.5 Southern analysis of EcoRI digested chromosomal DNA, using DIG-labelled aphA-3 
kanamycin cassette as the probe. Lane: 1, G1100 ∆bpf001; 2, F3098∆bpf001; and 3, WT G1100. The 
darkest band corresponds to the probe bound to a fragment at expected size of 4500 bp. Multiple bands are 
likely due to incompletely-digested DNA. 
 
Transformation frequencies varied between the two strains and the type of transforming 
DNA used (Table 7.4). Highest frequency (2.6×10
-4
) was obtained when transforming the 
BPF clone strain G1100 with the larger PCR product. This may be due to a higher 
concentration of construct DNA in comparison to that present when using G1100 
∆bpf001 genomic DNA. However, in the case of non-BPF clone strain F3098, the highest 
transformation frequency was achieved using G1100 ∆bpf001 genomic DNA (1.58×10-6). 
In both cases, the larger PCR product (PCR1) resulted in a transformation frequency an 
order of magnitude higher than when the smaller product size (PCR2) was used. This is 
expected due to the longer flanking regions of homologous DNA to promote 
recombination. Interestingly, the addition of cAMP did not appear to make any difference 
4.5 kb
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to the transformation frequency in the BPF clone strain G1100, perhaps since the cells 
become competent when they reach stationary phase independently of the addition of 
external factors. 
 
Table 7.4 Summary of transformation frequencies obtained by plate transformation.  
Strain G1100 ∆bpf001 
genomic DNA 
PCR1 PCR2 No cAMP 
G1100 1.4×10
-5 
 
2.6×10
-4
 7.5×10
-5
 8.5×10
-5
 
F3098 5.58×10
-6 
 
6.9×10
-7
 4.5×10
-8
 - 
 
The results indicate that certain strains of Hae can be successfully transformed using a 
natural plate transformation protocol with either genomic DNA or PCR product as donor 
DNA. Plate transformation achieved the highest transformation frequency for these 
strains. This may be due to the extended incubation time with the donor DNA, allowing 
the cells to reach stationary phase and inducing competence by the same principal as 
using M-IV medium, but with minimal manipulation of the cells and their growth 
conditions, which is likely to promote survival. 
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7.3 Summary 
 
Strains of Hae appear to encode all the necessary genes and regulatory sites involved in 
H. influenzae competence and transformation. While small amino acid substitutions are 
found in most proteins in comparison to Rd KW20, not enough is known about the 
functions of specific proteins to be able to predict whether particular residue changes may 
affect function, and the results reported here suggest they are not critical. 
 
Variability in transformation efficiency was observed between strains, as it is well known 
to be the case in some strains of non-Hae H. influenzae. Previous work in this area with 
Hae has focused on BPF clone isolates, but identifying at least one transformable Hae 
conjunctivitis strain would be valuable for investigating gene function, allowing, for 
example, creation of “knock-in” mutants using BPF clone genes of interest, to test for 
development of a virulence phenotype. The conjunctivitis strains F3098 and F3331 have 
now been reproducibly transformed, as have the BPF strains G1100 and F3099. 
 
Initial suspicion that failure to transform Hae was due to incorrect methylation of the 
MAP7 chromosomal DNA appears unfounded, since transformation was successful using 
G1100∆bpf001 genomic DNA. Transformation of Hae using PCR product was also 
successful, suggesting that even if there is a methylation problem, it can be overcome by 
using excess transforming DNA of sufficiently high molecular weight. 
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Despite early attempts of transforming different strains of Hae proving unsuccessful, a 
procedure has now been developed that appears to reliably transform both BPF clone and 
conjunctivitis strains of Hae. The ability to transform strains of Hae provides a valuable 
tool for future work investigating gene function within this organism. 
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Conclusions and Future work 
 
The BPF clone of Haemophilus influenzae biogroup Aegyptius emerged in 1984 with 
unprecedented, mortality and virulence in children. Despite twenty five years of research 
to try and understand the virulence of this clone compared to other conjunctivitis-causing 
strains of Hae, this remains unexplained. The aim of this study was to identify and 
characterise virulence-associated factors responsible for the invasiveness of BPF case 
clones through whole genome sequencing, annotation and comparison of the BPF clone 
strain F3031 and non-invasive conjunctivitis strain F3047 to other H. influenzae 
genomes. We hypothesised that the BPF clone has acquired unique characteristics that 
differ from other H. influenzae, which are responsible for the unusual invasiveness of this 
unencapsulated strain of Haemophilus. The work presented here describes how bacterial 
whole genome sequencing can reveal novel putative pathogenicity factors through in 
silico bioinformatic analysis, which can be taken back into the laboratory for functional 
investigation to gain a better understanding of their role in pathogenicity, and ultimately, 
to provide wider insight into bacterial pathogenesis of this and other emergent infections. 
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8.1 Insights from Hae genome sequencing 
 
The BPF clone strain F3031 and conjunctivitis strain F3047 are the first two strains of 
Hae whose genomes have been completely sequenced and annotated, providing insight 
into the evolution of these strains through the identification of deletions, duplications and 
horizontal transfer of DNA. Despite revealing fewer strain-specific features than 
described from other H. influenzae genome comparisons (Harrison et al., 2005; Hogg et 
al., 2007), analysis of the Hae genomes brought to light a number of novel features 
plausibly involved in adherence and invasion, in addition to new features of unknown 
significance that may contribute to strain-specific biology.  
 
Contrary to the hypothesis that the BPF clone may have acquired a unique set of 
virulence factors, exemplified by the emergence of other invasive pathogens through such 
events as acquisition of anthrax toxin in Bacillus anthracis (Okinaka et al., 1999), cholera 
toxin in Vibrio cholerae (Vanden et al., 2007) and toxic shock toxin in Staphylococcus 
aureus (Curtis et al., 1994), our analysis suggests that the genomic content of invasive 
and non-invasive Hae is very similar, and it is likely that sequence variation, as well as 
gene regulation and phase variation, play an important role in the pathogenicity of the 
BPF clone.  
 
In species that may naturally develop competence for DNA transformation, such as H. 
influenzae, intergenomic recombination between strains occupying the same niche can 
lead to allelic replacement (Hallet, 2001). For example, recombination between the 
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passenger domains of TAAs has been observed between strains of H. parasuis (Pina et 
al., 2009) and is likely to be an important source of genetic diversity. Phase variation is 
established to play an important role in generating variation within a population of 
infecting strains, increasing their chances of survival. It is evident from our analysis that 
phase variation is likely to play an important role in modulating gene expression in Hae. 
In addition to established phase-variable genes, several novel SSR loci were identified, 
many of which are associated with the novel surface-exposed adhesins discovered in the 
Hae accessory genome. Strains of Hae have been found to harbour a greater number of 
SSRs than other H. influenzae strains (Power et al., 2009), supporting their importance. 
 
Through delineation of the Hae accessory genome from a pan-genomic study of seven H. 
influenzae genomes, discussed in Chapter 5 – the comparison of whole genome 
sequences ensuring minimal bias introduced by the use of unfinished genomes – I have 
identified a subset of lineage-specific features, putatively involved in adherence and 
invasion. These include 4 novel Hae fimbrial operons and a family of ten TAAs. Previous 
studies have demonstrated that attachment of Hae BPF clone strains to epithelial cells 
occurs independently of the presence of pili (St Geme et al., 1991) and of the Hap 
autotransporter protein (Kilian et al., 2002), suggesting that other adhesive factors must 
be present. These novel surface-exposed features are, for the most part, present in both 
Hae strains, yet exhibit considerable sequence variation in surface-exposed components 
that are likely to underlie differences in function.  
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The application of bacterial genomics has brought to light the difficulty in distinguishing 
pathogens from non-pathogens and virulence factors from colonisation factors in many 
cases. The complete genome sequencing of the BPF clone isolate F3031 and 
conjunctivitis isolate F3047 has led to the identification of novel putative virulence 
factors in strains of Hae, whose roles in host-pathogen biology are currently being 
evaluated through empirical studies of gene function. This represents an important step in 
understanding the genomic basis for Hae pathogenicity and the emergence of BPF. 
 
Finally, the re-emergence of BPF in the Amazon region of Brazil in 2009, and likelihood 
that sporadic cases still occur and are being misdiagnosed as meningococcemia which is 
endemic in Brazil, highlights the importance of an accurate diagnostic test for BPF. The 
genome sequence provides a valuable tool for the development of a diagnostic marker for 
rapid microbial identification. 
 
8.1.1 Accuracy of genome annotation and sources of error 
Genome sequencing and annotation provides an extremely valuable resource for 
investigating strain variation, but must be interpreted with caution. Meaningful 
interpretation of genomic sequence relies on the quality of the sequence data and the 
accuracy of the annotation. The quality of genome sequence data is determined by 
measuring the accuracy of the sequence, which is a measure of how likely the base pairs 
in a consensus sequence are to be the correct base call. Sequencing errors may introduce 
bias by generating frameshift mutations. For Sanger sequencing reads, prediction 
accuracy is only slightly affected by error rates of up to 0.15% (Hoff, 2009). Genome 
Chapter 8 
 
267 
 
annotation relies on the detection of homologues for functional prediction. Advances in 
methods for sequence comparison, such as BLAST, FASTA and protein motif analysis, 
in addition to increases in the amount of sequence data available in the pubic databases 
for a range of organisms, substantially improves the detection of homologues. However, 
although genome annotation depends on the detection of homologues, the ultimate goal is 
to achieve meaningful functional prediction for all proteins encoded within the genome. 
Functional prediction, by definition, refers to proteins of unknown function as only a 
small minority of genes in any genome or sequence database have been characterised by 
functional experiments. The majority result from transfer of annotation on the basis of 
sequence similarity. Transitive annotation means that errors can easily propagate through 
the databases and so homology matches, and functional prediction, must be interpreted 
with prudence. Manual curation, and the use of curated databases, minimises the risk of 
errors, but it is important to be cautious when drawing conclusions from sequence 
annotation alone.  
 
8.2 Implications of novel gene discovery 
 
The emergence of Brazilian Purpuric Fever in 1984 triggered a comprehensive 
international clinical and research response, coordinated by the US Centres for Disease 
Control, which described a new disease characterised by epidemic purpura fulminans 
preceded by purulent conjunctivitis. Extensive laboratory investigations over more than 
25 years have failed to identify the virulence factors implicated in Hae strains causing 
BPF, and this bacterial clone‟s unique virulence remains unexplained.  Whole-genome 
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sequencing of the BPF clone and a non-invasive conjunctivitis strain of Hae  have now 
revealed – in the discovery of a whole new family of Trimeric Autotransporter Adhesins 
– a promising lead to understanding (and so potentially preventing) not only this disease 
caused by Hae, but others both well established (economically important Glässer‟s 
disease of swine (Haemophilus parasuis septicaemia)) and  emergent (neonatal sepsis 
caused by non-typable Haemophilus influenzae).  
 
There are clear differences between the TAAs in the BPF clone and conjunctivitis strains, 
including length and sequence polymorphisms, variation in presence and numbers of 
predicted binding domains, and differences in the number of associated SSRs and 
flanking regions. TAAs are a remarkable group of bacterial proteins that are being 
increasingly identified in important pathogens, and represent potential therapeutic and 
vaccine targets. They are often multifunctional proteins, and while involvement in 
virulence is established in some cases, their mechanism of action and role in pathogenesis 
remains poorly understood. 
 
Among the Hae TAAs, phase variable BaaA1 has a predicted molecular weight of 140 
kDa, comparable to Rubin‟s phase-variable P145 (Rubin, 1995b), described in Chapter 1. 
Searching the whole sequenced genome identifies no other potentially phase-variable 
proteins of this size. We speculate that BaaA1 is in fact the phase variable OMP 
implicated in serum resistance, and that this – perhaps with other Hae TAAs – plays a 
part in the invasive virulence of this emergent pathogen. Initial studies of gene function 
have revealed functional differences between BaaA1 in BPF clone and CaaA1 in 
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conjunctivitis strains, and current work is taking this forward to further elucidate the role 
of these proteins in Hae biology. 
 
Our proposed work dissecting the part these proteins play in pathogen biology has a 
particular strength in our capacity – through use of tools and techniques developed in the 
course of our extended working with BPF – to construct informative mutant H. influenzae 
strains, as described in Chapter 7, and also to study infection in an ex vivo model of 
septicaemia which reflects a critical phase of human infection. 
 
8.3 Planned future work 
 
Functional elucidation of the TAAs in Hae will primarily focus on B/CaaA1 and 
B/CaaA2, which differ significantly in the BPF clone responsible for septicaemic illness 
and relatively non-pathogenic, conjunctivitis-causing strains of Hae. Our key goals are (i) 
to establish the effect of baaA/caaA gene expression on bacterial/epithelial and 
/endothelial cell adherence and invasion and serum resistance  – key stages in human 
infection – by use of E. coli and non-Hae Haemophilus influenzae expressing cloned 
B/CaaA1 and B/CaaA2 from BPF and conjunctivitis strains of Hae.  Anti-Ta antibodies 
will be prepared for expression and cell localisation investigations in Hae and assessment 
of vaccine potential; (ii) to explore B/CaaA1 and B/CaaA2 structure-function 
relationships by site-directed mutagenesis; (iii) following construction by transformation 
of altered Hae strains bearing deleted and mutant baaA/caaA genes, to establish their 
role, singly and in concert, in  ex vivo models of infection (cell culture and whole blood), 
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and the potential of B/CaaA domains to be exploited as protective vaccines in this and 
other related infections.  
 
The emergence of pathogens causing human and animal diseases by new mechanisms 
represents a constant threat.  These experiments of nature afford insight into host-
pathogen interactive biology and, properly exploited, better enable us to meet new threats 
as they arise, through rational treatment and preventative vaccine design.   
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0.0.0 Unknown function, no known homologues 2.2.7 Phospholipids 
0.0.1 Conserved in E.coli 2.2.8 Polysaccharides - (cytoplasmic) 
0.0.2 Conserved in other than E.coli 2.2.9 Protein modification 
 2.2.10 Proteins - translation and modification 
1.0.0 Cell processes 2.2.11 RNA synthesis, modification, DNA transcription 
1.1.1 Chemotaxis and mobility 2.2.12 tRNA 
1.2.1 Chromosome replication  
1.3.1 Chaperones 3.0.0 Metabolism of small molecules 
  
1.4.0 Protection responses 3.1.0 Amino acid biosynthesis 
1.4.1 Cell killing 3.1.1 Alanine 
1.4.2 Detoxification 3.1.2 Arginine 
1.4.3 Drug/analogue sensitivity 3.1.3 Asparagine 
1.4.4 Radiation sensitivity 3.1.4 Aspartate 
 3.1.5 Chorismate 
1.5.0 Transport/binding proteins 3.1.6 Cysteine 
1.5.1 Amino acids and amines 3.1.7 Glutamate 
1.5.2 Cations 3.1.8 Glutamine 
1.5.3 Carbohydrates, organic acids and alcohols 3.1.9 Glycine 
1.5.4 Anions 3.1.10 Histidine 
1.5.5 Other 3.1.11 Isoleucine 
 3.1.12 Leucine 
1.6.0 Adaptation 3.1.13 Lysine 
1.6.1 Adaptations, atypical conditions 3.1.14 Methionine 
1.6.2 Osmotic adaptation 3.1.15 Phenylalanine 
1.6.3 Fe storage 3.1.16 Proline 
 3.1.17 Serine 
1.7.1 Cell division 3.1.18 Threonine 
 3.1.19 Tryptophan 
2.0.0 Macromolecule metabolism 3.1.20 Tyrosine 
 3.1.21 Valine 
2.1.0 Macromolecule degradation  
2.1.1 Degradation of DNA 3.2.0 Biosynthesis of cofactors, carriers 
2.1.2 Degradation of RNA 3.2.1 Acyl carrier protein (ACP) 
2.1.3 Degradation of polysaccharides 3.2.2 Biotin 
2.1.4 Degradation of proteins, peptides, glycoproteins 3.2.3 Cobalamin 
 3.2.4 Enterochelin 
2.2.0 Macromolecule synthesis, modification 3.2.5 Folic acid 
2.2.1 Amino acyl tRNA synthesis; tRNA modification 3.2.6 Heme, porphyrin 
2.2.2 Basic proteins - synthesis, modification 3.2.7 Lipoate 
2.2.3 DNA - replication, repair, restriction/modification 3.2.8 Menaquinone, ubiquinone 
2.2.4 Glycoprotein 3.2.9 Molybdopterin 
2.2.5 Lipopolysaccharide 3.2.10 Pantothenate 
2.2.6 Lipoprotein 3.2.11 Pyridine nucleotide 
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3.2.12 Pyridoxine 3.5.7 Pyruvate dehydrogenase 
3.2.13 Riboflavin 3.5.8 TCA cycle 
3.2.14 Thiamin 3.5.9 ATP-proton motive force 
3.2.15 Thioredoxin, glutaredoxin, glutathione  
3.2.16 Biotin carboxyl carrier protein (BCCP) 3.6.0 Fatty acid biosynthesis 
3.2.17 Ferredoxin 3.6.1 Fatty acid and phosphatidic acid biosynthesis 
  
3.3.0 Central intermediary metabolism 3.7.0 Nucleotide biosynthesis 
3.3.1 2'-Deoxyribonucleotide metabolism 3.7.1 Purine ribonucleotide biosynthesis 
3.3.2 Amino sugars 3.7.2 Pyrimidine ribonucleotide biosynthesis 
3.3.3 Entner-Douderoff  
3.3.4 Gluconeogenesis 4.0.0 Cell envelope 
3.3.5 Glyoxylate bypass 4.1.0 Membrane/exported/lipoproteins 
3.3.6 Incorporation metal ions  
3.3.7 Misc. glucose metabolism 4.1.1 Inner membrane 
3.3.8 Misc. glycerol metabolism 4.1.2 Murein sacculus, petidoglycan 
3.3.9 Non-oxidative branch, pentose pwy 4.1.3 Outer membrane 
3.3.10 Nucleotide hydrolysis 4.1.4 Surface polysaccharide & antigens 
3.3.11 Nucleotide interconversions 4.1.5 Surface structures 
3.3.12 Oligosaccharides 4.1.6 G+ membrane 
3.3.13 Phosphorus compounds 4.1.7 G+ exported/lipoprotein 
3.3.14 Polyamine biosynthesis 4.1.8 G+ surface anchored 
3.3.15 Pool, multipurpose conversions of intermediate 
metabolism 
4.1.9 G+ peptidoglycan, teichoic acid 
3.3.16 S-adenosyl methionine  
3.3.17 Salvage of nucleosides and nucleotides 4.2.0 Ribosome constituents 
3.3.18 Sugar-nucleotide biosynthesis, conversions 4.2.1 Ribosomal and stable RNAs 
3.3.19 Sulfur metabolism 4.2.2 Ribosomal proteins - synthesis, modification 
3.3.20 Amino acids 4.2.3 Ribosomes - maturation and modification 
3.3.21 Other  
 5.0.0 Extrachromosomal 
3.4.0 Degradation of small molecules  
3.4.1 Amines 5.1.0 Laterally acquirred elements 
3.4.2 Amino acids 5.1.1 Colicin-related functions 
3.4.3 Carbon compounds 5.1.2 Phage-related functions and prophages 
3.4.4 Fatty acids 5.1.3 Plasmid-related functions 
3.4.5 Other 5.1.4 Transposon-related functions 
 5.1.5 Pathogenicity island-related functions 
3.5.0 Energy metabolism, carbon  
3.5.1 Aerobic respiration 6.0.0 Regulation 
3.5.2 Anaerobic respiration  
3.5.3 Electron transport 6.1.0 Two component system 
3.5.4 Fermentation 6.1.1 Sensor kinase 
3.5.5 Glycolysis 6.1.2 Response regulator 
3.5.6 Oxidative branch, pentose pathway 6.1.3 Sensor kinase/response regulator fusion 
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6.2.0 RNA polymerase core enzyme binding 
6.2.1 sigma factor 
6.2.2 anti sigma factor 
6.2.3 anti sigma factor antagonist 
 
6.3.0 Defined families 
6.3.1 AsnC 
6.3.2 AraC 
6.3.3 GntR 
6.3.4 IclR 
6.3.5 LacI 
6.3.6 LysR 
6.3.7 MarR 
6.3.8 TetR 
6.3.9 ROK 
6.3.10 DeoR 
6.3.11 LuxR (GerR) 
6.3.12 MerR 
6.3.13 ArsR 
6.3.14 PadR 
 
6.4.0 Protein kinases 
6.4.1 Serine/threonine 
6.4.2 Tyrosine 
 
6.5.0 Others 
 
7.0.0 Not classified (included putative assignments) 
7.1.1 DNA sites, no gene product 
7.2.1 Cryptic genes 
 
 
 
 
 
 
 
 293 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
